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could readily be done for any location within the site for which a field boring log and conventional soil 
classification test data were available. Such a procedure was developed. The Unified Soil Classification 
System was found to be too broad to adequately classify the various fine-grained sediments in the near- 
surface lacustrine deposit. However, an expanded grain-size and plasticity-based classification was 
established whereby all the sediments could be sorted into one of six soil groups. Specific gravity, water 
content, and density data for each of the groups revealed consistent patterns of variation with depth and/or 
elevation. Therefore, the calculated void ratios, porosities, saturations, and air void contents also ex¬ 
hibited characteristic profiles. However, due to geologic and climatic influences, these competition 
property profiles were quite site dependent. They were used as a basis for subdividing each of the groups 
into five generalized profile zones in which all the soil strata of the given soil group were expected to 
have similar compressibility characteristics. Based on laboratory loading history similarities, the 
available uniaxial strain (or compressibility) data for each group could be farther categorized .according 
¢0 loading rate. By studying the records of field stress measurements obtained during explosive events, 
4 rough correlation was established between laboratory leading rates and those expected at various depths 
and surface overpressure ranges. Based on an analysis of lj»1 measured strain-strain relationships, curves 
were drawn te represent in situ uniaxial «trai response of each S'il classification group-profile zone 
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ABSTRACT 

This study was concerned with the analysis of geologic, physical 

property, and dynamic and static soil compressibility test data ob¬ 

tained for the Watching Hill Blast Range at the Defence Research Estab¬ 

lishment Suffield, Alberta, Canada. The site profile consists of a 

thick succession of glacial tills and lake deposits with the near¬ 

surface deposit composed of thin interbedded layers of lacustrine silt, 

sand, and clay sediments. The problem posed was that of furnishing ac¬ 

curate profile information for ground shock calculations of explosive 

events and selecting stress-strain curves to represent the in situ re¬ 

sponse of each stratum in the profile to transient uniaxial strain 

loading and unloading. The primary purpose of the analyses was to de¬ 

termine if a simplified procedure could be developed whereby this could 

readily be done for any given location within the site for which a 

field boring log and conventional soil classification test data were 

available. 

It was possible to develop such a procedure; two example applica¬ 

tions are given for demonstration purposes. In the process of develop¬ 

ing this procedure, it was found that the Unified Soil Classification 

System was too broad to adequately classify the various fine-grained 

sediments found within the near-surface lacustrine deposit. It was 

v 



possible, however, to establish an expanded grain size and plasticity 

based classification whereby all of the sediments, regardless of their 

elevation location within the deposit, could be sorted into one of 

six soil groups. 

The specific gravity, water content, and density data for each of 

the six soil groups revealed consistent patterns of variation with depth 

and/or elevation. Therefore, the calculated void ratios, porosities, 

saturations, and air void contents also exhibited characteristic pro¬ 

files. Evidence was presented, however, to show that, due to geologic 

and climatic influences, these composition property profiles were quite 

site dependent. They were used as a basis for subdividing each of the 

six soil classification groups into five generalized profile zones 

within which all the soil strata of the given soil group were expected 

to have similar compressibility characteristics. 

As a result of laboratory loading history similarities, the avail¬ 

able uniaxial strain (or compressibility) test data for each soil group 

could be further categorized according to loading rate. By studying the 

records of field stress measurements obtained during explosive events, a 

rough correlation was established between laboratory test loading rates 

and those expected at various depths and surface overpressure ranges. 

Finally, based on the analysis of 130 measured stress-strain rela¬ 

tionships (120 of which were from undisturbed specimens), a set of 

curves was drawn to represent, as a function of loading rate, the 

in situ uniaxial strain response of each soil classification group- 

profile zone combination. These curves quantitatively define the com¬ 

pressibility of the various interbedded soil strata in the upper glacial 

lake deposit at Watching Hill. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

Until nearly midway into the Twentieth Century, interest in the 

study of explosively induced earth motions centered primarily about 

prevention of blasting damage caused by construction excavation, tun¬ 

neling, quarrying, and mining operations. Hie introduction during World 

War II of large high explosive bombs quickened interest in the effects 

of earth motion as a factor in the design of fortifications. But it 

was the development of nuclear explosives and the physical devastation 

demonstrated by their application over Japan that made it absolutely 

imperative that an intensive effort be mounted to understand the propa¬ 

gation and attenuation of explosively induced waves through the earth, 

how the earth is transformed under their influence, and how these waves 

1 
affect buried structures. 

As part of this effort, under the auspices of the Technical Coop¬ 

eration Program with participation by the United States, the United 

Kingdom, Canada, and Australia, an extensive program of large-scale, 

high explosive field tests has been conducted on the Watching Hill 

p 
Blast Range at the Defence Research Establishment Suffield (DRES), Al¬ 

berta, Canada. The general site location is shown in Figure 1.1. The 

■a 
tests date back to 1959 when a 5-ton charge of TNT was detonated; this 

was followed by a 20-ton event in i960 and a 100-ton event in I96I. 

1 The status of this understanding as of the mid-1960's is presented 

in two excellent and comprehensive summaries by Sauer et al. (196M and 
2 Whitman (1970). 
2 Formerly designated as the Suffield Experimental Station (SES). 

J A table of factors for converting British units of measurement to metric 
units is presented on page xvii. 
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TM* «arly Mrl**, known a* the Canadian Trial», waa followed by the 

500-ton Operation SHOW BAIL event in 1964, by the 100-ton Event 6 and 

the 20-ton Event 1A of Operation DI8TAÍIT PLAIN in 1967, by the 500-ton 

Operation PBAIRIE FLAT event in 1968, and, most recently, by the 500-ton 

Operation MAL PAC* event in 1970, The ground aero (OZ) location for 

each of these eight detonations is shown on the sit* contour map in 

Figure 1,2. 

The last five events, conducted by the U. 8. Defense BUclear 

Agency (DNA),^ are of primary interest since each included one or more 

projects to measure the transient stresses and/or motions transmitted 

to various ranges and depths beneath the ground surface. Such basic 

information on explosive-induced ground shock phenomena is necessary in 

order to validate theoretical prediction techniques. The field meas¬ 

urements , however, reflect the effects of waves passed through the char¬ 

acteristic stratifications and unique soil media of the Watching Hill 

test site. Thus, in order to fully Interpret these measurements and 

provide the proper input to theoretical calculation studies, detailed 

information must be made available regarding the subsurface soil pro¬ 

files for the site and their related physical and mechanical proper¬ 

ties. The mechanical property of primary interest is the stress-strain 

relation generated from an impulsive stress applied to an undisturbed 

specimen confined so as to deform in an undrained state of uniaxial 
» • 

strain, i.e., the dynamic compressibility (Jackson, 1968a). 

Furnishing accurate data regarding soil profiles and properties for 

the various events at the Watching Hill site 1ms proved to be by no 

^ Formerly designated as the Defense Atomic Support Agency (DASA). 



«••»* «a «aay taak. Tl» ait# la locatad on tiw ralativaly fiat aurfaca 

of aa old glaolal laka bad. Tha naar-aurfaca dapoaita conalat of tilia 

intorbaddad layara of ailt, aaad, and clay, aa indicated by tha photo¬ 

graph in Figura 1.3* In diacuaaing their attanpta to correlate crater¬ 

ing data front the different eventa, Jonea at al. (1970) take note of 

the difficulties with rapidly varying soil properties by stating that 

"In the very incompetent material of the Suffield test sites, in which 

layers of free naming sand alternate with soft clay-silts, any form of 

coherent motion of the surface layers as part of a cratering mechanism 

appears most inprobable, and this lack of plausibility possibly ex¬ 

plains why it has taken a decade to recognize it." Dynamic compressi¬ 

bility variations are specifically illustrated by the photographs in 

Figure 1.4. The left-hand photograph reveals four distinct and alter¬ 

nating stratums of silt and clay within the 12-inch-high sample. The 

adjacent uniaxial strain test Polarolds show that the relatively dry 

silt coirpressed 82 mils under a dynamically applied stress of 500 psl 

while the nearly saturated clay, just inches away, compressed only 2.5 

rails under similar loading, i.e., a sudden decrease in dynamic 

conpressibility by a factor of 33, 

Field subsurface exploration and sanpling programs of varying 

sccpe have been conducted in the vicinity of each of the Watching Hill 

events. In addition, a number of laboratory testing programs have been 

conducted to obtain both conventional and special-purpose soil property 

data in support of the various projects and agencies involved in the 

explosive experiments. The major portion of this work has been per¬ 

formed by the U. S. Army Engineer Waterways Experiment Station (WES), 

Vicksburg, Mississippi, and the data obtained is on file there. While 



4 

the data from any one project are generally somewhat limited, the total 

data obtained to date represent an unusually large assemblage of pro¬ 

file and property information. If analyzed collectively, these data 

should lead to a much better picture than has heretofore been possil .s 

of the overall site stratigraphy, the nature of the associated soil de¬ 

posits, and the influence exerted by physical properties on the dynamic 

compressibility of near-surface glacial lake sediments. 

1.2 PURPOSE AND SCOPE 

The problem posed for the Watching Hill soils analyst is that of 

furnishing accurate profile information for ground shock calculations 

and selecting stress-strain curves to represent the in situ response of 

each layer in the profile to transient uniaxial strain loading and un¬ 

loading. The primary purpose of this study was to develop a simplified 

procedure whereby the necessary calculation profiles and special- 

purpose soil properties can readily be established for any given loca¬ 

tion within the site for which a field boring log and conventional soil 

classification test data are available. In order to do this, the study 

proposes to: 

1. Review the available geologic, field exploration, and labora¬ 

tory soil property data to establish the overall stratigraphy of the 

Watching Hill Blast Range. 

2. Critically examine the physical property data for the soils 

obtained from the most recent glacial lake deposit and relate the vari¬ 

ation of their three-phase (air, water, solid) conposition properties 

with depth to their conventional classification and index properties. 

3. Assemble and analyze the available compressibility data for 

the interbedded clays, silts, and sands found in the near-surface 
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deposit. Present it in such a manner as to quantitatively illustrate 

the influence of particle gradation, density, natural structure, satu¬ 

ration, and rate of loading on their stress-strain behavior. 

k. Illustrate the application of the above information by defin¬ 

ing, from conventional boring and classification data, the basic soil 

profile and dynamic compressibility input required for theoretical 

ground shock calculations related to two specific HE events at the 

Watching Hill Blast Range. 
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CHAPTER 2 

REVIEW OF SUBSURFACE INFORMATION 

2.1 GEOLOGIC HISTORY OF THE AREA 

The Watching Hill site is located in the rolling plains of south¬ 

eastern Alberta in a region typical of western Canada's glacial topog¬ 

raphy, and overlies a large buried valley, probably the preglacial Milk 

River Channel (see Jones et al., 1970)* Berg (1968) states that this 

northeast-southwest trending valley is a continuation of Geigers' 

(1965) Lethbridge Valley end joins another preglacial valley near 

Blindloss, Alberta (see Figure l.l). The geologic history of the area 

since Precambrian time has been traced by Lewis (1970), who estimates 

that erosion removed approximately 2700 feet of sediment from the bed¬ 

rock surface at the site prior to glaciation. This eroded surface was 

later subjected to loading and unloading by at least two ice sheets es¬ 

timated to be 2200 feet or more thick (see Gravenor and Bayrock, I96I). 

The glaciers disrupted drainage systems throughout the plains, and 

formed many temporary lakes in former valleys. Berg's (1968) strati¬ 

graphic survey, conducted some 15 miles southwest of the Watching Hill 

site, reveals lacustrine deposits from at least three such Pleistocene 

lakes. 

The topography of the area immediately surrounding the Watching 

Hill Blast Range is shown on the 25-foot-contour map in Figure 2.1. 

Jones (1963) notes that Juniper Flats to the southwest and Dishpan Lake 

to the northeast are probably nonperennial vestiges of the most recent 

glacial lake covering and observes what appears to be a late boundary 

of this lake running from the South Saskatchewan River circling north 

to northwest around the Ross Depression. This boundary has the form 
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of a distinct "shoreline" of heavy boulder drift, the boundary showing 

a sharp transition between the almost stone-free lacustrine deposit and 

the heavy drift beyond. 

The Pleistocene succession of tills and lake deposits is underlain 

by Upper Cretaceous beds of either the lower Oldman or the upper Fore¬ 

most formation. The lower Oldman is princially composed of fresh¬ 

water sandstone and shale units, while the brackish water Foremost de¬ 

posits are capped by a zone of coal seams and carbonaceous shales (see 

Crockford, 1949} and Lewis, 1970). In these beds, it is difficult to 

identify the contact between the Foremost formation and the overlying 

Oldman formation, but based primarily on elevation data, it appears 

that most if not all of the Oldman formation is absent in the Watching 

Hill area, so that bedrock beneath the test site is probably Foremost 

(see Jones, i960, 1963» and Jones et al., 1970). 

2.2 FIELD SEISMIC INVESTIGATIONS 

Jones (1963) summarizes the results of a deep refraction seismic 

survey conducted in 1961 by the Century Geophysical Corporation of 

Canada with one of its primary objectives to determine depths to bed¬ 

rock beneath the Watching Hill test site. The first shot point was 
r 

located approximately 50 feet south of the Canadian Trials 20-ton GZ 

with geophones spaced at 250-foot intervals along a S 39 W bearing, 

passing within 130 feet of the GZ location for the DIAL PACK event 

(see Figure 1.2). Figure 2.2 shows the section of the refraction pro¬ 

file pertinent to this study, together with the lithology actually 

logged by the driller. This section indicates a 2200-ft/sec velocity 

to a depth of 40 to 45 feet followed by a 5500-ft/sec velocity stratum, 

which is presumed to extend to a bedrock formation having a 7500-ft/sec 
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velocity. On this basis, the calculated depth to bedrock varies 

between 225 and 275 feet across the site. 

Downhole velocity measurements were made in two holes drilled to a 

depth of 230 feet. A velocity of 2100 ft/sec is given for the 0- to 

42-foot depth range, but the data on which this interpretation is 

based is meager and scattered. From 42 to 130 feet, however, a 5500- 

ft/sec velocity fits the data quite well; from 130 feet to the top of 

the "hard gray clay" stratum at 215 feet, the velocity appears to 

gradually increase from 5500 to about 6OOO ft/sec. 

Reed, Zelman, and Coates (1964) report the results of a shallow 

refraction survey conducted using a sledgehammer source in conjunction 

with Operation SNOW BALL. This survey extended some 2100 feet across 

the test site from the SNOW BALL GZ along a S 44° W bearing, passing 

approximately 360 feet west of the GZ for Operation PRAIRIE FLAT. The 

data from this survey are plotted in Figure 2.3» the interpretation 

shown in the figure indicates an upper soil profile with two very dis¬ 

tinct zones of material, i.e., a surface layer with an average seismic 

velocity of II50 ft/sec overlying a second very dense or saturated 

layer, at a depth of about 21 feet, with an average velocity of 4850 

ft/sec. Results of a similar but less extensive survey along a N 30° W 

bearing from the SNOW BALL CE are reported by Zelman (1964). These 

data indicate an average velocity for the near-surface soils of IO7O 

ft/sec, changing at a depth of approximately 23 feet to an average 

velocity of 5330 ft/sec. 

A composite seismic velocity profile for the Watching Hill site 

can be obtained by combining the results from the above studies as 

follows : 
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Depth Interval 
ft 

Seismic Velocity 
ft/sec 

0 to 21 1150 

a to 42 4850 

42 to 130 5500 

130 to 215 6000 

>215 7500 

Further comment on this field seismic information will be deferred for 

the present, since its accuracy in depicting the actual subsurface 

stratigraphy of the site and its usefulness in correlating with physi¬ 

cal properties such as dynamic compressibility can best be assessed 

after results are presented from exploratory borings and laboratory 

soil property tests. 

2.3 SITE STRATIGRAPHIC STUDIES 

A search of the published literature and the WES files revealed 

the logs of over 150 exploratory and saaple borings drilled on the 

Watching Hill Blast Range since 1959. These logs depict a pattern of 

ever increasing interest in obtaining deeper profile information and 

undisturbed samples for laboratory property testing. The 26 earliest, 

drilled in support of the Canadian Trials, were primarily shallow 

auger holes (5 to 50 feet deep) yielding disturbed sanples for visual 

classification and water content determinations. (See Goode, 1959» 

Strange, Wallace, and Strohm, 196I; Strange and Sager, 1962; and strange 

and Pinkston, 1962.) 

Fifty-two logs are available from Operation SHOW BALL, with three 

of these extending to depths in excess of 80 feet (see Rocke and Chew, 

1965; and Davisson and Maynard, I965). While most of these w-re from 
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auger borings, a nunfcer of undisturbed samples were obtained for sub¬ 

sequent laboratory physical and mechanical property testing. 

Diehl and Jones (1966) report results of seven bucket auger holes, 

all over 70 feet deep with one to 105 feet, drilled in 1966 during pre¬ 

liminary siting studies for Operations DISTANT PLAIN and PRAIRIE FLAT. 

An extensive subsurface investigation was conducted in 1967 prior to 

these operations. This investigation included 7 piezometer installa¬ 

tions, 15 standard penetration test (SFT) and split spoon sample borings, 

and 12 undisturbed sample borings; 3 of these borings were drilled to 

a depth of 100 feet (see Oats, 1968). Jones et al. (1970) report on 

a I960 boring at the PRAIRIE FIAT OZ drilled to bedrock at 222 feet 

(see Figure 2.4). Logs from a number of miscellaneous shallow borings 

are also available (see Odello, 1971a; and Briosi, 1970). 

After examining several logs from borings drilled by DRES in the 

vicinity of Operations DISTANT PLAIN and PRAIRIE FLAT, Jones et al. 

(ISTO) noted that, due to the very fine interleaving of strata. It 

was quite difficult to identify minor strata consistently from borehole 

data. They also observed, however, that the stratigraphic pattern was 

essentially coherent and concluded that no marked stratigraphic change 

occurs over the area. The validity of their observations is readily 

substantiated by the logs of borings drilled by ffIS at the OZ locations 

of the three events in these same two operations (see Figure 2.5). An 

integrated analysis of all the available data, however, has now led to 

a fairly clear picture of the overall stratigraphy and lithology of the 

Watching Hill site. 

The subsurface exploration and soil property testing program con¬ 

ducted for Operation DIAL PACK was particularly Instrumental in 
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developing this picture. Three piezometers were installed, and sample 

borings were drilled at six locations (Gatz, 1969)* To illustrate the 

type of data available, the field classified log and SPT results for a 

100-foot-deep split spoon sample boring are given in Figure 2.6 along 

with those for the GZ boring, which was drilled to obtain continuous 

5-inch-diameter undisturbed samples to a depth of 150 feet, followed 

by split spoon samples and NX cores to 250 feet. These data appear to 

indicate the presence of nine different stratigraphic units within the 

site profile. 

The usefulness of soil mechanics laboratory test data in geologic 

interpretation was classically illustrated for a similar problem by 

Rominger and Rutledge (1952) who used data on Atterberg limits, natural 

water contents, and preconsolidation stress in establishing five strat¬ 

igraphic units within the lacustrine sediments of glacial lake Agassiz. 

Terzaghi and Peck (1948) note that a knowledge of the shape of the 

grain-size curves may assist in determining the geologic origin of a 

soil and thereby reduce the risk of error in interpretation of data 

obtained by test borings. Over the years, an unusually large quantity 

of grain-size distribution and Atterberg limits data has been generated 

in order to properly classify1 the various soil test specimens obtained 

from the numerous Watching Hill borings. In addition, extensive data 

have been obtained in order to permit calculation of three-phase com¬ 

position properties for many of these specimens. Plots depicting the 

variation of specific gravity of soil solids Gs , water content w , 

dry unit weight rd , and wet unit weight y with subsurface elevation 

1 According to the Unified Soil Classification System (WES, i960). 
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are given in Figure 2.7 for the DIAL PACK event; the nine stratigraphic 

units are denoted for correlation with Figure 2.6. Similar plots are 

available for all of the events of primary interest. 

The five DNA-conducted events were mentioned in Chapter 1 as being 

of primary Interest because each included free-field ground shock mea¬ 

surements. The traverse shown on the detailed site contour map in 

figure 2.8 passes through the GZ boring locations for each of these 

events plus a selection of other borings found to be particularly use¬ 

ful in establishing the overall site stratigraphy. A three-dimensional 

plot of this traverse and the included borings is given in Figure 2.9. 

The nine stratigraphic units previously observed for DIAL PACK Boring 

01 are noted in the figure; corresponding units in the other 10 borings 

are similarly shaded and connected by peripheral lines. A description 

and discussion of each of these units follows: 

.«••3.1 Uhlt 1 - Bedrock. The glacially disturbed, weathered clay 

shale surface of the Foremost formation was encountered in DPK/m at a 

depth of 210 feet (elevation 1956). The "hard gray clay" shown at a 

depth of 215 feet (elevation 1950) in Figure 2.2 and the "almost black 

stiff sandy clay" shown at a depth of 222 feet (elevation 1943) in 

Figure 2,4 are presumed to represent similar encounters. The upper 

clay shale is interbedded with clayey, poorly cemented sandstone. A 

thin seam of very hard, very fossiliferous, clayey limestone was found 

at 237 feet followed by a 3-foot-thick seam of black, hard, brittle 

coal. Subsequent strata consisted of soft to moderately hard dark gray 

clay shale alternating with thin clayey silt lenses. 

The reported seismic velocity of 7500 ft/sec is quite reasonable 

for these Cretaceous sedimentary deposits. The bedrock surface beneath 
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the site appears, based on the test boring depth variation of only 12 

feet, to be horizontal for all practical purposes; the 50-foot-depth 

variation indicated by the seismic survey probably represents a varia¬ 

tion in the degree of glacial disturbance and weathering of the upper 

strata. 

2,3*2 Unit 2 - Outwash Sand and Gravel. A 5- to 9-foot-thick 

stratum of sand and gravel was found above the bedrock unit in all 

three deep borings. The only grain-size curve available is given in 

Figure 2.10a. Berg (1968) identified the 18 feet of sand and gravel 

which he encountered directly above Oldman bedrock as alluvial fill in 

the preglacial river valley. Jones et al. (1970), however, describe 

the deep gravel at the Watching Hill site as "angular" (see Figure 2.4); 

while Lewis (1970) notes that it contains "some rounded particles." 

Based on these descriptions, the unit is probably an outwash sand and 

gravel of glacial origin. 

2.3.3 Unit 3 - Lacustrine Deposit. Entry into Unit 3 is desig¬ 

nated in Figure 2.4 by a change from "stiff sandy clay" to "fairly 

stiff silly clay," in Figure 2.6 by a change from "moderately hard" to 

"moderately soft" and by a noticeable drop in penetration resistance, 

and in Figure 2.7 by a slight increase in water content, which for a 

saturated clay indicates a slight decrease in dry density. The mate¬ 

rial in this 40- to 43-foot-thick unit is described by Lewis (1970) as 

a calcareous silty clay that is more plastic than the material above. 

He noted the presence of some very fine-grained sand and silt with a 

maximum sand grain size in the upper 30 feet of 0.07 mm, increasing to 

0.25 ram in the bottom 10 feet. More important perhaps in assigning a 

lacustrine origin to this unit are the facts that gravel and shale 
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fragments were not observed in the samples and that the grain-size 

curve given in Figure 2.10a is similar to those obtained for clays of 

like plasticity found in the near-surface lacustrine deposit. 

2.3.U Uhlt U - Glacial Till. A 4l- to 42-foot-thick stratum of 

glacial till was encountered at a depth of 131 feet (elevation 2034) 

at the PRAIRIE FUT OZ (see Figure 2.4) and at 120 feet (eleva¬ 

tion 2045) at the DIAL PACK OZ (see Figure 2.6). This unit may be 

correlative with the 36-foot-thick till unit found by Berg (1968) at 

about elevation 2065. Lewis (1970) describes the Watching Hill site 

material as a slightly calcareous, silty, sandy clay containing many 

angular, dark gray shale fragaents embedded in the clay matrix. He 

also observed gravel particles scattered throughout and in one sample 

noted the presence of two granite cobbles 3 to 4 inches in diameter. 

The data in Figure 2.7 denotes uniform, high densities, Indicating 

substantial precompression. The four grain-size curves shown for this 

till unit in Figure 2.10a are all nearly identical. Flint (1971) 

notes that because of this distinctive character, it is often possible 

to distinguish, in a single district, between two tills that are simi¬ 

lar in appearance. The reason given for this is that an ice sheet 

transports drift having a characteristic assortment of grain sizes, 

which it mixes as it travels into a rather uniform mechanical composi¬ 

tion. Figure 2.12 gives a ternary diagram expressing grain-size dis¬ 

tribution in four types of till found in Ontario (see Flint, 1971, 

Figure 7-5A)j the Unit 4 till gradation falls in an overlapping zone 

for till consisting mainly of claystone and siltstone (i.e., shale) 

and till consisting chiefly of clay and silt derived from lacustrine 

sediments. 
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2.¾.¾ Unit 5 - Oiitwaah Sand and Gravel. A 4-foot-thick stratum 

of sand and gravel vm logged at a depth of 117 feet (elevation 2050) 

in Boring OPK/ta (see Figures 2.6 and 2.7)* Lewis (1970) describes the 

up-to-3-inch-diameter gravel particles as subrounded to rounded and the 

sand and silt grains as angular to subrounded. The only grain-size 

curve available for this unit is given in Figure 2.10b. 

2.3.6 tlhlt 6 - Lacustrine Deposit. At least seven borings pene¬ 

trated this relatively uniform deposit of fine silty sand and sandy 

silt at depths ranging from 6l to 95 feet. A thickness of 8 feet was 

recorded in Boring SB/A, 42 feet in FF/U7, and 36 feet in EPK/fol. The 

five grain-size curves shown in Figure 2.10b are representative of a 

number of curves obtained for this unit. The average sand grain size 

lies between 0.10 and 0.15 mm with the maximum size observed only 

1.0 mm. Berg (1968) noted that a thick lacustrine sequence composed of 

sorted sands, clays, and silts separated the two tills observed in his 

area of study. This apparently well-sorted, fine-grained deposit at 

the Watching Hill site also appears to be of lacustrine origin, perhaps 

delta sediments. 

2.3.7 Unit 7 - Glacial Till. Eight of the eleven borings shown 

in Figure 2.9 penetrated this unit, which varies from a 27-foot-thick 

stratum at a depth of 33 feet (elevation 2135) in Boring SB/A, to a 

2-foot-thick stratum at a depth of 87 feet (elevation 2078) in the adja¬ 

cent Boring FF^J7. The drillers generally noted traces of gravel in 

this sandy clay (see Figure 2.6), and the densities obtained were higher 

than those from any other unit except those from the lower till in 

Unit 4 (see Figure 2.7). The five grain-size curves shown in Fig¬ 

ure 2.11a were obtained from samples taken from SNOW BALL, DISTANT 
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HAIM and HAL PACK borings and indicate a distinctive character to 

this till that is slightly different from that indicated for Unit 4. 

On the ternary diagram given in Figure 2.12, the average grain-size 

curve for this till falls well into the zone for till consisting 

chiefly of clay and silt derived from lacustrine sediments* Interest¬ 

ingly enough, Lewis (1970) did not observe shale fragments during his 

examination of this clay. 

2..3.8. ..Unit '8:.--.--0utwash Sand, and .Gravel..This .unit was., penetrated 

by ten of the eleven borings shown in Figure 2.9, at depths ranging 

from 9 feet (elevation 2159) in Boring SB/NI to 80 feet (eleva¬ 

tion 2085) In Boring DP/U3. Thicknesses recorded for eight of these 

borings ranged from 5 to 18 feet. The collection of 20 grain-size 

curves in Figure 2.11b are the best evidence for characterizing this 

unit as an outwash sand and gravel. Many have shapes quite similar to 

those which Terzaghi and Peck (1948) present as being typical of soils 

of glacial or fluvioglacial origin as well as common among sand-gravel 

mixtures deposited by swiftly flowing rivers. 

2.3.9 Unit 9 - Lacustrine Deposit. There appears to be little 

doubt as to the general lacustrine origin of this deposit, although the 

frequent occurrence of lignite particles, weathered horizontal bedding 

surfaces, and oxide-stained vertical shrinkage cracks are indicative of 

numerous cycles of flooding and drying. Within the area of interest, 

the deposit is deepest along a NW-SE section between Boring BPK/G2 

tion 2085), The shallowest regions of the deposit occur at the SW and 

ME corners of the traverse, i.e., 36 feet to elevation 2125 at Boring 

EPK/te and 9 feet to elevation 2159 at Boring SB/NI. This latter fact 

. 
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is in agreement with observations by Jones et al. (1970) that the south¬ 

ern exposures of the SHOW BALL crater were uniform lacustrine sedi¬ 

ments, «hile the northern edge of the crater reached into delta or shore 

deposits. Flint (1971) states that where glacial lakes have been com¬ 

pletely filled with sediment, the deposits become coarser near the top, 

indicating gradual shoaling and correspondingly Increased capacity of 

lake currents to sweep suspended sediment toward the outlet. This 

characteristic feature is evident in the Watching Hill logs; see 

Figure ?.6 for an exanple. 

The deposit is also characterised by a relatively stable ground- 

water table and a corresponding distinct transition in color from brown 

to gray. The maximum variation noted in the borings cm Figure 2.9 oc¬ 

curs along a SW-NE section, i.e., from elevation 2138.9 at Boring SB/D 

to 2143.8 at BPK^J2. The variation across the NW-SE section is less 

than one foot, i.e., from elevation 2142.8 at Boring OfK^Jl to 2141.9 

at 2PK^J3. The levels indicated were recorded at various times from 

mid-April to mid-December over a period of years beginning in 1963 and 

extending through 1970. The average surface elevation along the shal¬ 

low seismic survey line (see Section 2.2) is approximately 2169 and the 

average groundwater level along this line is at elevation 2l4l, for an 

average depth of 24 feet. B»e seismic survey indicated an average 

first layer depth, presumably to the groundwater table, of 21 feet, 

which is certainly close; it may be even closer if a sone of capillary 

saturation extends above the water table. 

Figure 2.7 Indicates only minor scatter in the water contents and 

densities of test specimens obtained below the groundwater table, but 

extreme variations in the interbedded clay, silt, and sand regime just 
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above. In any event, the profile and properties from within this most 

recent stratigraphic unit, and especially those pertaining to the par¬ 

tially saturated regime in the upper 25 feet, undoubtedly dominate the 

ground shock phenomena observed during explosive events on the Watching 

Hill Blast Range. Thus, the remaining chapters will be specifically 

directed toward establishing an order to the extreme composition prop¬ 

erty variations in Unit 9 by first relating them to conventional 

classification and index properties and, subsequently, to dynanic 

compressibility. 



Figure 2.1 Topography of the area surrounding the Watching Hill. Blast 
Range. 
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HAMMER TO GEOPHONE SPACING IN FEET ] 

I 
Figure 2.3 Data from shallow seismic refraction survey conducted for 

Operation SNOW BALL. j 
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b. Units 5 and 6. 

figure 2.10 Grain-size distribution curves for Stratigraphic 
Units 2 through 6. 



b» Unit 8. 

Figure 2.11 Qraln-slze distribution curves for Stratigraphic 
Units 7 and 8. 
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CHAPTER 3 

PHYSICAL PROPERTY AMLY8XS 

34. PBOPERTDB that affect compressibility 

galla. «n y «a thaar oc em* is altea» ara »»mw-Hteiv coMpiqit 

physical «ystws. For puposas of dasorlhliig thdr asohanlcal raspcmsa 

to appUad loadings» hosavar» a given voIum of a soil nass can ba 

Oharaetoriaad as a thraa-phasa ooapoaitioo oonslstlBg of a structural 

akalaton of disorata alnaral partióles (solid phase) anolosing voids or 

interspaces filiad with water (liquid phase) and/or air (gaseous phase)* 

A pistm and spring analogy is frequently used to explain the nsnner in 

wMçh guch a voluaa of satuxated fail consolidates under drained» one* 

dlnsnslonal ooepression» i.e.» uniaxial strain (see Taylor» 19U8). 

A slnllar malogy pan be used to illustrate the principal aecha* 

alms contributing to the uniaxial strain response of partially 

saturated» undrained soil speelaens. In figure 3*le» a solid spring» 

representing the Mineral skeleton» is shown inclosed In a watertight 
1 

oyiuicMfff jMurujT surroittiaM oy vevôp ahol puruy «y éuto Tbtt scnttn&txc 

is drawn with the water and air coupletely separated to illustrate that 

at low degrees of saturation» soil moisture is primarily discontinuous» 

fonaing wedges of water between adjacent grains and moisture films 

around them (aee Sowers and Sowers, 1970). The adjacent phase diagram 

indicates that, in overall composition» the hypothetical soil sample 

is composed of 28.0 percent «ir» 24.0 percent water» and 48.0 percent 

solids. Under an applied compressive stress» Initial deformation of 

* Any inclination to take this analogy too literally can be quickly 
dispelled by reeding some of the early classic papers on soil mechan¬ 
ics such as those by Terzaghi (1925) and Casagrande (1932). 
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the frictionless piston is resisted almost exclusively by the stiffness 

of the soil "spring," since the bulk modulus of free air is negligible 

(i.e., approximately 20.6 psi at atmospheric pressure). 

Soil mineral skeletons are usually quite deformable, even though 

the individual particles are very rigid. Their compressibility is 

governed by many factors, such as the type of structural arrangement, 

the size and shape of the soil particles, the number of particles (i.e., 

density) and their distribution, the nature and strength of the cohe¬ 

sive bonds at the intergranular contacts, the size and content of the 

void spaces, and previous stress conditions. Quantitatively, skeleton 

stifftoesses for soils similar to those of interest at Watching Hill 

can vary at low stress levels from several hundred psi to several thou¬ 

sand psi. Bishop and Eldin (1951), for Instance, report typical struc¬ 

tural stiffhesses for soft clay, stiff clay, compact silt, loose sand, 

end medium dense sand as 100, 1U30, 500, 1760, and 3330 psi, re¬ 

spectively. Compression index data from drained oedometer or consoli¬ 

dation tests^ reported by Lambe and Whitman (1969) imply similar 

values. 

As the specimen densifies under the applied load, the "spring' 

stiffens considerably. In addition, the pore water will, at some 

point, become continuous, with the remaining air existing in the form 

2 The compression index C , which expresses the slope of the stress- 
void ratio curve, is commonly used to compare compressibilities of 
soils in the virgin compression range. The slope of the straight- 
line portion of the curve is 

»Ab 

Where: Ae « change in void ratio 
cfjj « effective vertical stress 

MHHM 
. _....__ 
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of bubbles, as Illustrated In Figure 3.1b, so that the compressibility 

of air-water mixtures becomes a factor for consideration. According to 

Schuuxman (1966), the work of Sparks (1963) indicates that free air will 

form bubbles in the pore water at a degree of saturation of about 8$ 

percent. Richart, Hall, and Woods (1970) give a formula for the com» 

bined bulk modulus of an air-water mixture which indicates that 1.0 

percent of air bubbles in the pore water will result in a mixture modu¬ 

lus of only 2090 psl, and a further reduction to just 0.1 percent air 

bubbles only increases the air-water mixture modulus to 19,500 psi. Re- 

ejults from other theoretical studies which further refine the analysis 

by taking into account such realistic features as solubility and/or the 

effects of surface tension in small bubbles, do not appreciably alter 

the above values (see Konlng, 1963} Bishop and Eldin, 1951} and 

Schuurman, 1966). 

The situation changes rapidly with just a little additional strain} 

i.e., the last bubbles collapse, Va becomes zero, and the bulk modulus 

of water becomes approximately 300,000 psi. This stage of 100 percent 

3 
B 

Wherei Baw * combined bulk modulus of air-water mixture 
Bw » bulk modulus of water 
Ba » bulk modulus of air 
Va « volume of air expressed as a fraction of the total 

volume of air and water 

By noting that (%v m sa) » By and that l/By « 0 , the above equation 
can be reduced to an easily remembered rule-of-thumb, which even for 
Va values as low as 0.0005 is accurate to about 10^, i.e. 
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saturation in which the void* of the mineral ekeleton are completely 

filled with water ie illustrated in Figure 3.1c. It is no longer the 

stiffhess of the soil "spring" which resists further compression (Fig¬ 

ure 3.Id)* hut rather the bulk modulus of the mineral particles com¬ 

posing the "spring." Using the Mood equation as given by Richart, Hall, 

and Woods (1970) for the coriblned conçresaibility of solid particles 
£ 

suspended in water, a bulk modulus of 4.45 x 10 psi for the particles 

(i.e., quarts) and a void ratio of 0.75» a modulus of 640,000 psi is 

computed for the mixture. 

The above discussion should amply emphasise the importance of in¬ 

cluding three-phase weight-volume relationships in any attempt to cor¬ 

relate physical properties with undrained compressibility. The grain- 

size distribution of the particles comprising the soil skeleton is also 

an obvious candidate for such correlations, especially the percentage 

of sand-size particles (i.e. >0.0?4 mm in diameter) which are most 

likely to be rigid, bulky grains of qua-tz and the percentage of soil 

colloids or clay-size particles (i.e. <0.002 mm in diameter) which con¬ 

sist principally of flake-shaped particles of secondary minerals 

(Terzaghi, 1927). Terzaghi and Peck (1948) state that within relatively 

small regions where all soils in the same category, such as all the 

clays or all the sands, have a similar geologic origin, grain-size char¬ 

acteristics can be used as a basis for judging the significant proper¬ 

ties of the soils. They also note that Atterberg limit data from dif¬ 

ferent samples from the same soil stratum define a straight line on a 

plasticity chart that is roughly parallel to Casagrande's A-line, and 

that as the liquid limits (LL) of soils represented by such a line in¬ 

crease, the plasticity and the compressibility of the soils also 



increase. Presumably then, soils whose skeletal structures are composed 

of particles of like size and consistency, and who have similar three- 

phase compositions achieved under similar geologic conditions, will have 

similar dynamic stress-strain properties. The next step, therefore, for 

the Watching Hill site analysis, is to establish classification groups 

based on gradation and limits for the lacustrine soils found in the 

upper stratigraphic unit and attempt to relate the variation of their 

three-phase composition properties to depth or elevation. 

3.2 SOIL GROUPS BASED ON GRADATION AND LIMITS 

The Unified Soil Classification System (WES, i960) is an outgrowth 

of the Airfield Classification System developed by A. Casagrande (1948) . 

It has proved very useful in grouping soils not only for airfield con¬ 

struction, but also for embankments and foundations* only tests for 

grain size and plasticity are necessary for accurate classification. 

This system thus provided a logical beginning for grouping the watching 

Hill glacial lake sediments, Results of well over 500 classifications 

made for samples obtained from throughout the Unit 9 deposit showed that 

all were basically inorganic fine-grained materials, being classified as 

either CL (silty clays of low to medium plasticity), CH (clays of high 

plasticity), ML (sandy or clayey silts with slight or no plasticity), 

or SM (silty sands with appreciable fines, i.e. more than 12 percent 

passing the No. 200 sieve). 

Grouped according to the above classifications, plots were made of 

measured composition properties (i.e., water content and density) versus 

elevation. While these plots depicted definite trends, the data bands 

were considered too broad for making quantitative predictions of proper¬ 

ties at specific boring locations. The problem appeared to stem 
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primarily from two sources. First, the CL grouping included saeples 

having a considerable variation in gradation uhich overlapped gradations 

obtained for CH classified soils. The floraer undoubtedly occurred be¬ 

cause LL values for the CL materials ranged frost 22 up to the Usd ting 

value of $0 used to distinguish CL soils front CH soils and the latter 

because almost all of the CH soils had LL values equal to or less than 

55 vhereas a large grot® of the CL soils had values equal to or greater 

than 45. Second, many of the ML and SM gradations were almost identi¬ 

cal. Distinction is made between these two classifications solely on 

the basis of whether more or less than 50 percent of the particles pass 

the MO. 200 sieve. Indeed a large number of the ML gradation curves 

indicated less than 70 percent of minus-200 particles while an equally 

large manber of the SK curves indicated a minus-200 fraction greater 

than 30 percent. An expanded grouping was therefore considered neces¬ 

sary in order to adequately sort the interbedded soils found in the 

near-surface lacustrine deposit at Hatching Hill. 

Six soil groups were finally established based on the following 

somewhat arbitrarily selected criteria for liquid limit, the percentage 

of sand-slse particles, and the percentage of elay-siae particle.i 

1 
2 
3 
4 
5 
6 

Liquid 
mil,. 
>45 

38 to 45 
30 to 38 
<30 
HA 
HA 

$ Retained 

<30 
30 to 70 
>70 

$ finer 

35 to 60 
»to 40 
10 to 25 
5 to 15 
5 to 10 
<5 

The usually determined by laboratory test are 

the specific gravity of soil solids 0, , the water oontent in percent 

by weight of soil solids w , dry unit weight in weight of solids psr 
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total voImm of aoU r4 • aad/or ait mit mft^it la a«l#t of aator 

Md «olida por total mlnaa of «oil. Hmm property mlaaa cm bo mod 

*ife WÊÏAU*Wi£LmÊ § Xb ovdUur 

to rial 1 «tirally depict la a&tu ooapoalttatu» tha mit «oi^it aaaaure* 

Manta ahouid lu obtalBad fna Mdbpoaalltar UBdlitmtMd «oaolanui idilcta 

have bam raooanraaaad andar atatie atraasaa ruíTuniTlmtiâ y «anal to tha 

caoatatio ovezbordM «tro«« at tha depth from mich tha a—»la «as ob- 

talaad. Pia watr^irg Kill aoll apaolaam of iataraat to tho physical 

proparty analysis» tharafhra» «ara those far ahloh suffleimt data «ara 

dhtalnad both to «r***1* +** ,tho ■«»«••»< «»a-t noeordisa to tho ahom moud ml* 

tovta Md to Masara ono or nora of its three-phase ooapoeitlon 

A search of the WS data files for Operations DISTART KTAIH, 

FRAiaiS rus» and DIAL PACK produced a list of 477 suoh speolnena. Ons 

hundred twsnty-threa of thasa ast the criteria for Oroup 1| their olae* 

•ifloatlon end opposition date are tabulated according to depth end 

elevation in Table 3*1* The lletlng for Oroup 2 includes 186 epeolnene 

(Table 3.8)» 4? for Oroup 3 (Table 3.3)» 105 for Oroup 4 (Table 3*4), 

43 for Oroup 5 (Table 3*5)» and 33 for Oroup 6 (Table 3*6). The rala- 
Sb A (MUK MhMMhhdfeMk 4hdh dBHUMVIiA VIMMIIIlde "■ g Mkd* m MV jgwJMMe VMMMV MkdU Mfe^VflkWMkJVMV IMHUM ¥*▼« mwr or «piümwm **®w« i»n ••cu wiojyc qims ox wurm9§ pro» 

vide InfoTMtlon on the relative quantity of «oils fron each group that 

will be fount in the site profiles | it only attests to the fact that 

one is always able to recovar end test ñora emplee fron a cohesive 

soil atratun thin fron a noncohsslve on«. 

Orndntiisn curvee obtained by nversglÄ^ the grain— sine inte given In 

Tables 3*1* through 3*6 ars plotted for each soil group in Figure 3*T| 

mu of the tibul atad curvee fall within the ffredfd bands of their 



rMptctiVi gfogps. Th« fhct that thea« ralativaly narrow band« daplct 

gradation charactaristlca without regard to «iovation tonds to confim 

tho previous conclusion that the studies were all obtained flrasi depos¬ 

its of s tallar gsoloclc origin. The average gradation curves for each 

of the six groups are plotted together for cosparison in Figure 3.3; 

they separate distinctly with a well-established trend of increasing 

grain else and uniformity. Average plasticity values for the first four 

jpPCWQMI ÄJWi ÂJUÍ0 WäOIBI Ul »»Ml vllWHI CJUkjp VftXtmS uO UkCMMMl vM$m 

fine a straight line that is "roughly parallel to the A-line. The av¬ 

erage U* value of 50.1* for the aroup 1 clays is indicative of the fact 

that thl't group includes an almost egual number of both Cl* and CK clas¬ 

sified soils. The position on the plasticity chart of the average 

Group k data well Illustrates that this group included soils from the ML, 

CL, and the borderline CL-ML groups of the unified Soil Classification 

'Bystem. Group 3* vith an average minus-200 fraction of 90.2 percent ob¬ 

viously includes both ML an1* 9( materials, as expected. From the analy¬ 

sis presented thus far, it is concluded that the interbedded lacustrine 

sodisMnts beneath tftff Matching fff 1! Blast Bangs osn be sorted into sis 

groups, saoh of «hieh Is rsadily identifiable by its grain-rise and 

plasticity characteristics. .Baring presumably elimina tad the influence 

of thoso physical preparties, it is hoped that pradietablo variations 

la other proportios, such as thoso defining three-phase composition, can 

now be established with depth and/or elsvatlon* 

3*3 SFICinC ORAVITT. WATER COBTBMT. AND DBtBITY DATA 

Although specific gravity is generally considered as an auxiliary 

property whose primary usefulness is in computing other property values, 

it can, if aocuratsly measured, provide some information about tho 
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conatltuency of th« test specimen. While one would hesitate to make 

physical property Inferences shout a soil spedmsn based on a single 

spécifié gravity test, the unusually large quantity of 0B data that 

exists for the well-defined watching Hill soil groups should contain 

some trends. The O0 values given In Tables 3*1 through 3*3 for the 

clay groups are plotted versus elevation In figures 3*^a» 3»to* «n* 

3.he. The heavy solid lines are considered to be the most representa¬ 

tive fits to these data while the shaded bands define ¿0.02 variations 

in the representative 0,, values. The date* below elevation 2140 (i.e., 

near the water table) Indicate values of 2.72, 2.71» and 2.70 for 

Oroups 1, 2, and 3» respectively. AU of the groups, however, show dis- 

tlnot increases in the region between elevation 21h0 and elevation 2158» 

with the largest variations occurring In the most plastic soils, l.e., 

X* This nay be a reflection of the iron oxide coatings observed 

In the clay sanples obtained from this sons (see Lewis, 1970). The 

Sharp decreases which occur in the upper 5 to 6 feet may reflect in¬ 

creased organic content due to near-surface vegetation and climatic ai- 

teratlen or maturing. The 0fl values given in Tables 3.4 through 3*6 

for the silt and sand groups are plotted in Fi gures 3.5a, 3*5b, and 

3.5c. The most representative fits to these data are constant values of 

2.69» 2.68, and 2.67 for Groups 4, 5* and 6, respectively. The gradu¬ 

ated variation in 0B between 2.72 for the unweathered Group 1 clays 

4 Tsehabotarloff (1951) states that Irrespective of their original com¬ 
position, most soils tend to lose their original characteristics under 
the Influence of various climatic factors prevailing in a certain re¬ 
gion. As a result, all the surface soil layers of this region tend to 
assume the same type of chemical composition. It is interesting to 
note that the 0. data from the upper 5 feet of all three clay groups 
Is Indistinguishable (see Figure 3.4d). 



mA 8.67 for th« Group 6 Minis provides sddsd coofidance la tbs data if 

not MW intonation about typical a# mbits. What has not bean bars- 

totora raeognisad «boni tha Watching Hill sita» houtvar, ara the appar¬ 

ent effaets due to tha chnical produets of weathering on tha 0# val¬ 

ues tor clap strata caught between a Mistura source (i.e., tha ntar 

tabla) and a drying source (i.e., tha ground surface). 

While reasonable estiastes of specific gravity can often be aada 

without tha baMflt of tests» such is not tha oasa with water content 

and density» since the variations of both within a given site are strong 

Auctions of geologic history end present environaental conditions. The 

w » rd » and 7 data tor aach of tha six groupa ara plotted venue 

elevation to a depth of about 80 feet below tha mter tabla in Figure« 

3.6 through 3.11} the solid lines are considered to be the Met repre¬ 

sentative fits to those data. A ooevoelte plot of the representative 

fits is given in Figure 3.18. The plots are characterised by a nunber 

of features which appear to be relatad to geologic prooaasss. 

Presuaably» all of tha Mterial was deposited under water. The 

lowest in an apparent sequence of lake levels appears to bave been at 

about elevation 21U0, i.e.» Just below the present groundwater table. A 

change in color toon brown to gray has bean consistently observed In the 

field borings at this approxlnete elevation and a recant enalnation of 

tha aaaplas toon all of the DIAL PACK borings revealed ne evidences of 

oxidation below elevation 2139. The density and water content data 

slightly Increase and decrease» respectively» with increaeing depth be¬ 

low this level» indicating that these deposits are still nomally con¬ 

solidated. Based on the previously recoonended 0# values» the w sad 

7 fits shown bstwam elevations SUM) and 8120 tor all groups art 



congpatible «Ith a theoretical «aturation value of precisely 100.0 per- 

cent. The mm Is true for the Group 1 and Group 2 sediments found be- 

low elevation 2120 to the bottom of the stratigraphic unit (see Fig¬ 

ure 3*13)• 

As noted In Section 2.3.9» the frequent occurrence of lignite par¬ 

ticles, weathered horizontal bedding surfaces, and oxide-stained verti¬ 

cal shrinkage cracks observed In the samples above elevation 2140 are 

Indicative of numerous cycles of flooding and drying. The substantial 

increase In dry density measured ftor the clay specimens between this 

elevation and about elevation 2155 can be attributed to capillary 

stresses developed during these periods of dessication. Densification 

of this type Is not evident in the coarser-grained silts and sands. 

Their dry density pattern is consistent with normal consolidation under 

the bulk unit weight of material above the water table and submerged or 

bouyant unit weights below. 

The water content profiles in this region depict a classic pattern 

of increasing capillary attraction or suction capacity with decreasing 

effective pert diemeter. Moisture attracted from the water table is 

mostly in a liquid state, though part of it is in the form of water 

vapor (see Krynine and Jbdd, 1957)* Thus, even though the suction ca¬ 

pacity of the sand and silt groups is insufficient to maintain high 

degrees of saturation above the water table, their air voids undoubtedly 

are maintained at a hi# relative humidity. Tersaghi and Peck (1948) 

note that water will evaporate only if the relative humidity of the air 

is less than the relative vapor pressure of the water, and that the 

relative vapor pressure in pore water decreases with increasing tensile 

or suction stresses. The combination of these phenomena probably 



explains why the clay strata do not drain, but rather maintain high 

degrees of saturation even though interbedded with the relatively dry 

sands and silts. 

Evaporation from the wind-swept surface, however, is another mat¬ 

ter. The area is semiarid, with an annual rainfall of only 12 to 14 

inches (Lewis, 1970), and is essentially void of vegetation except for 

range grass that grows only a few Inches high (Gatz, 1968). With the 

exception of perhaps a foot of lean topsoil, the soil layer to an ele¬ 

vation of 2158+1 consists of a dry, almost brittle, crumbly, crust con¬ 

taining numerous cracks and fissures. Krynlne and Judd (195?) note 

that crusts on the order of 5 feet thick, formed apparently by dessica¬ 

tion during exposure, often cover glacial clay deposits. All of the 

sanples obtained from this stratum were clays from Groups 1 and 2, with 

a few from Group 3. Their light tan color attests to the fact that 

they have been dried below their shrinkage limit. Their dry densities, 

however, are extremely low, which in addition to shrinkage cracks, may 

reflect a structure altered by frost action. Soil temperature measure¬ 

ments made at the nearby Drowning Ford Blast Range during the winter of 

1967 indicated a maximum frost penetration depth of 8 to 9 feet (Smith, 

1968). The WES laboratory measurements for near-surface densities were 

confirmed by the in situ measurements shown in Figure 3.14 made during 

several projects by the Naval Civil Engineering Laboratory (Allgood, 

19675 Qdello, 1971a5 and Odello, 1971b). 

In summary, the G , w , 7,, and y data exhibit remarkably 

little scatter within each group, and it appears that they have been 

successfully correlated with conventional classification and index 

data* Ample evidence has also been presented, however, to indicate that 



47 

due to geologic and climatic influences, these correlations are quite 

site dependent. Nevertheless, since the data were obtained from a 

number of different borings, these and other three-phase composition 

property profiles calculated from them should be valid for any. location 

within the confines of the traverse shown in Figure 2.8. 

3.4 VOLUME RELATIONSHIPS AND GENERALIZED PROFILE ZONES 

Values of G , w , y^ , and y all express unit weight rela¬ 

tionships. Presuming that the unit weight of water yis also known, 

these quantities can be used to compute many other soil composition 

properties using formulas readily available in any standard soil mechan¬ 

ics textbook} a particularly complete listing is given by Jumikis (1962). 

As indicated by the discussion in Section 3.I, for compressibility prob¬ 

lems we are particularly interested in unit volume relationships. Two 

of the most common are void ratio e , expressing the ratio between the 

volume of voids V and volume of solids V , and porosity n , ex* 

pressing the volume of voids as a percentage of the total volume V , 

Where 

Plots of these calculated quantities are given as a function of eleva¬ 

tion in Figure 3*15. Since y^ is a constant and Gs is almost con¬ 

stant, it is obvious from the above formulas why these relationships 

bear such a remarkable resemblance to the versus elevation rela¬ 

tionships given in Figure 3»12. 



Two other volume properties of interest are the degree of satura¬ 

tion 8 , expressing volume of water Vw as a percentage of the total 

volume of voids, and the volume of air voids Va , expressed as a per¬ 

centage of the total volume of soil, uhere 

X 100 

At relatively low degrees of saturation, before the pore water becomes 

continuous, water serves primarily as a fona of lubricant to the soil 

skeleton so that in a given soil of a given density, increased satura¬ 

tion means increased compressibility (see Hendron, Davisson, and Parola, 

1969). The total volume percentage of air voids is a particularly use¬ 

ful quantity since it readily gives a reasonable approximation to the 

maximum strain that can occur under undrained conditions. Plots of 

these calculated quantities are given as a function of elevation in Fig¬ 

ure 3.161 the tic marks denote the elevations below which the various 

soil strata are theoretically 100 percent saturated (or contain sero air 

voids). These relationships strongly resemble the water content rela¬ 

tionships given in figure 3.12. 

With the variation of composition properties thus established as a 

function of soil type and profile elevation, the next step was to employ 

the factors discussed in the compressibility analogy of Section 3*1 to 

subdivide the site profile into five generalised zones within Which it 

would be reasonable to expect that all the soil strata of a given type 
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ymjii exhibit elMlw ooqnreatlbllity diarecterlatic». Bie results of 

this analysis are given in Figure 3»17i in Mhich the boundary elevations 

separating Profile Stones A through I are given for each soil group 

along vith distinguishing values of v , rd , S , and Vft . Satura¬ 

tions uitliin the first two sones are less than 50 percent, and it is 

assnaed that the dominant physical property influencing their compress¬ 

ibility is the density of the soil skeleton. Saturations within Zone C 

generally range between 50 percent and 85 percent and lubrication of the 

soU skeleton should become a significant factor. Between 85 percent 

and 100 percent saturation, i.e. Zone D, air-water compressibility de¬ 

serves consideration, but the dominant feature is the effective limita¬ 

tion on strain set by the small Va values. And the response of Zone E, 

of course, is characterized by the bulk compressibility of water and 

solid mineral. 

Ihe fact that soil compressibility cannot be quantitatively evalu¬ 

ated based on physical properties alone is well established (Sowers and 

Sowers, I97Oj Terzagfai and Peck, 1948* etc.). The profile zoning given 

in Figure 3.17, however, does establish a framework within which the 

effect of physical properties, natural structure, and rate of 

on the compressibility of undisturbed specimens obtained from 

throughout the Watching Kill site can be analyzed. Such an analysis is 

the purpose of the next chapter. 
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SÍ..5 
3?.? «9.9 118.« 

33.9 
31.9 
31.0 
3..I 

3?.? 
33.9 
30.6 
31.5 
3O.O 

3?.9 
29.1 
30.3 
29.9 
30.0 

30.7 92.1 120.4 
30.4 91,9 119.8 

32.1 
30.7 90*7 118,5 
30.7 

30.O 
34.O 
31.5 
tf.9 69.3 118.7 
31.2 

30.9 
31.9 
33.5 

10.5 
9.2 76.6 83.6 
9.9 32.8 91.0 
9.2 

11.3 82.9 ye.3 
12.2 79.9 89.6 
11.3 82,7 92.0 

11.1 82.1 91.2 

10.5 
14.8 88.9 IX.I 
33.0 
34.4 
31.6 89.6 U7.9 

32.2 By.8 116.7 
34.6 et.3 116,3 
30.7 
33.9 
30.2 

26.0 
29.6 
?9.2 95.1 122.9 
28.5 

, .üKriäB 

(Continuai!) 
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Table 3,S (Concluded) 

«JL. JL— jkX, „jgiLi, 

1.1*2 
IA.1.1 
1.1.3 
1.1A 
3.1.1 

1A.1,2 
1A.A1 
3*1.2 
3.1.3 
1*3.3 

1A.3.1 
3.3.1 
1.3.5 
1A.A3 
PA.2.1 

3.3.3 
2A.P.P 
2A.2.3 
1A.4.1 
PA.3.1 

2.1A 
1A.A4 
1A.5.1 
1A.A5 
1.4A 

1.5*1 
1.5.P 
1.5.3 
U.6.1 
1A.A6 

PA.A5 
2.3.6 
IA.7,1 
2.3*7 
2.3A 

1A.A7 
1A.9.2 
2A.6.1 
1.8A 
2A.7.1 

3.12.2 
1A.A14 
1A.14.1 
2.10.3 
2A.10.3 

3.13.3 
1.12,8 
1A.A17 
IA.18.1 
1.15,5 

2.13.2 
1.16.2 
3.19.2 
3.23.1 
1.22.2 

1.26.2 
1.P7A 
1.30.1 
1.31.1 

0.6 
0.4 
0,9 
1.1 
0,2 

o,9 
1.1 
0.5 
0.8 
3.2 

3.0 
2.7 
3.7 
3.5 
3.6 

3.2 
3.9 
4.2 
4.3 
4.6 

1.2 
4.8 
5.3 
5*6 
,5.9 

6,2 
6.4 
6.7 
6.5 
6.8 

6.9 
4.0 
7.6 
4.2 
4.3 

8.0 
11.7 
12*2 
14.8 
14.6 

17.5 
18.1 
18.8 
16.9 
20.6 

20.8 
22.0 
22*6 
24.6 

"26,2" ' 

23.1 
30.5 
31.7 
40.3 
41.6 

50.5 
52.3 
55.8 
57*0 

2164.8 
2164*7 
2164.5 
2164.3 
2164.3 

•2164,2 
2164,0 
2164,0 
2163.7 
2162.2 

2162.1 
2161.8 
2161.7 
2161.6 
2161.5 

2161.3 
2161,2 
2160.9 
2160.8 
2160.5 

2160*4 
2160.3 
2159.8 
2159.5 
2159*5 

2159.2 
2159.0 
2158.7 
2158.6 
2158*3 

2158.2 
2157.6 
2157.5 
2157.4 
2157.3 

2157.1 
2153-4 
2152.9 
2150.6 
2150.5 

2147.0 
2147.0 
2146.3 
2144.7 
2144.5 

2143*7 
2143*4 
2142.5 
2140.5 
£139.2■. 

2138.5 
2134.9 
2132.8 
2124.2 
2123*8 

2114.9 
£113.1 
2109.6 
2108,14 

Total» 

Number of samples : 

Average» 

9<> 99f 99 

100 100 

100 
100 
100 

100 
100 
100 
100 
100 

100 
100 
99 

100 
100 
100 
100 
100 

97 

100 

100 

99* 
100 
100 

99* 

lûü 
100 
100 

100 

100 

100 
100 

"ioo 

100 
99* 

100 

100 
100 
100 
100 
100 

99 
99 
9? 

100 
99 

100 

100 
100 
100 
100 
100 

99 
98 
96 

100 
99* 

100 
99 
99* 

96 

100 

100 

99 
ioo 
100 

99 

100 
100 
100 

100 

100 

99* 
99* 
99* 
99 
99* 

95* 

99 

100 

98+ 
99 

100 

99 

99 

99 
99 
99 

99* 
9.9* 
99 
99 
99* 

97* 
97 
95* 

99 
99 
99* 
97 
99 

Operation DIAL PACK 

92* 82+ 74 

97 

94+ 
95+ 
95 

95 
95 
94+ 
93 
95 

93 
9ü 
8‘> 

94 
93 
95 
92 
95 

93 

88 
90 
%' 

90 
90 
89 
86 
88+ 

87+ 
83 
81 

88 
86 
91 
86 
91 

85 

75 
80 
85 

81 
82 
80 
75 
79 

72 
72 
74 

75+ 
75 
84 
78 
85 

60 
60 
69 

68 
65 
68 
60 
63 

59* 
57 

59+ 
57 
67 
64 
73+ 

94+ 8-9+ 83 ■ 72+ 56+ 

99 

9Ô 

96+ 
99 
99+ 

90 76 

100 
ioo 
99+ 

100 

100 

100 100 
lüû 100 
100 100 

99 
99 
99 

99 

99* 

99 
100 
99+ 

91 

90 
95 
95 

94 
98 
96 

95+ 

93 

94 
96 
93 

83+ 72+ 

79+ 
se 
89 

69 
76 
78 

55 

57 

57 
55 
59 

87+ 76 57+ 

87+ 
94 
92 

91 

84 

88 
m 
79 

77 
85 
81 

«3 

71 

80 
75 
64+ 

59* 
58 
60 

64 

51 

67 
55 
47 

46+ 
44+ 
50 

54+ 
50 
53 
45 
50 

43* 
44 
47+ 

43 
4l 
49 
50 
56 

44 

45+ 
43 
43 

44 
43 
43 

51 
43 
34+ 

32+ 

34 
31+ 
37 

30 
35+ 
42 
3? 
35 

28 
30+ 
31+ 

30 
27+ 
35 
33 
40 

28 

36+ 

32+ 
30 
32 

30+ 

30+ 
32 
30 

35 
30 

9394+ 9385+ 9376+ 9306+ 885;? 

94 94 -94 94 94 

99.9 99.8 99-7 99.0' 94,2 

40 
43 
38 
41 
44 

43 
43 
39 
42 
41 

44 
38 
40 
38 
45 

41 
45 
44 
40 
43 

44 
42 
38 
42 
40 

40 
39 
43 
41 
42 

36 
44 
39 
44 
44 

42 

37 

20 
19 
18 
17 
20 

17 
25 
20 
20 
.il 

20 
20 
19 
21 
19 

21 
17 
17 
19 
18 

15 
25 
16 
25 
19 

17 
18 
20 
18 
24 

19 
PI 
17 
PO 
19 

21 

17 

20 
24 
20 
24 
24 

26 
18 
19 

24 
18 
21 
17 
26 

20 
28 
27 
21 

29 
17 
22 
17 
21 

23 
21 
23 
23 
18 

17 
23 

44 
41 
42 
44 
42 

39 
38 
45 
40 
39 

40 
41 
43 
41 
40 

4P 
44 
43 
40 

19 
18 
18 
17 

21 
21 
22 
18 
20 

20 
19 
15 
17 
14 

16 
15 
17 
15 

23 
24 
27 
20 

18 
17 
23 

28 
24 
26 

26 
29 
26 
25 

5049 2378 2671 

122 122 12? 

41.4 I9.5 21.9 

2*6? 
2*67 
2.68 

2.69 

2.68 

2*68 
2.70 
2.72 

2.74 
2.75 
2.72 

2.72 

2*78 
2.72 
2.72 
2,74 
2.72 

10.3 
11*8 
9*3 
8,4 

90,9 88.2 

79.8 
75.3 
81,7 

84.6 

83.4 
83.2 
82.6 

.4 
8,1: 
6.9 
8.2 
9*8 

7.3 
11.0 
9*8 
9.0 

10,0 

10.3 
9.0 
9*2 
7.5 

10.0 

9*8 
9.7 
6.8 
9.7 

10.3 

2.73 10.6 86,4 
2.73 10.1 88,8 
2.73 12.1 81.6 
P.79 li.ü 

U .2 

2.79 H.4 
P.75 15*9 85.8 
?. 78 8,3 
P.74 16,e 85.2 
P,78 19*2 

86,9 
81.5 
89.7 

90,3 

93.0 

92.0 
90.7 
90.1 

84.8 93.3 

95.6 
97.8 
91*5 

99.4 

99.5 

13.9 

£3,3 
26.3 
28.3 

32.6 
33.4 
33-4 
31.7 
34.O 

2.75 
2.74 

2.76 
2.73 
2.73 
2.75 
2.74 

2.74 34.2 
2.72 3P.4 
2.75 34.P 
2.72 30,6 
2.73 33.9 89.9 

97.7 120.5 

88*6 117.8 

90.9 
88,? 

88,2 
9O.3 

U9.6 
118.2 

118,3 
119.6 

120.3 

2*74 32.7 
33.2 
32.4 
32.1 
31.7 

32.7 
31.5 
33,0 
31.2 

91.7 121*8 
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r*A 
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(tt.UM 
jA«?*2 
J, ISA 
LM7A 

S:l 
3.5 
*.5 
«A 

16.2 
n.o 
10.Ï 
*2,0 
53.¾ 

5^.9 
«./ 
%!.'• 

?W*/ 
21^.4 
?lb7.7 
2l**7.4 
21^3.^ 

21W.3 
21%1».3 
2145.2 
2132.5 
2131.5 

21 «.1 
21^9.3 
212«> ,2 
2123.6 

IX) 
100 
HX) 
100 

100 
100 
100 
100 
IO) 

100 
!0Q 
100 
100 

100 
100 
100 
100 

100 
100 
100 
100 

¡00 
100 
100 
100 

100 
100 
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I9ü 

100 
100 
100 
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*) 

ft 

A 

» 

l'W «4* *1 
ix) r< 
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100 ;00 H f* 
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*12* 
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4/* 
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<•4 
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*4 
2*** 
44 

42 
*7* 
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22» 
W 

«) 
1H 
•*) 

24 

1-* 

Al 
lí 

2f 
¡*) 
72 
.J 

14 
1? 
15 
10 

!• 
I? 
10 

li 
I * 

2,** Vh't 4.,,2 
.*43 ¡4.2 

P. 7 #.t 

.4.1 

?,/| 7* . t 
.'..O M.» 
r.r» 3i.» «.7 
7.43 «i.e 

.•**.**- 

2,70 
k).4 

77.% 
rt1.! 

14)3.4 

517.0 

T.5.3 

;./a 
7.10.1 
M5A 

'.23.1 
7.24 a 
'/ .25« 1 
/.2?,3 

K a 
7.28A 

6.5 
M 

11.4 
l4.f. 
2*.2 

42.4 
44.1 

Mk47a 

ykar.2 
2.14* 
iaB.4 
1,23.';« 

i:w:î 

2158./ 
7158.1 
2153.8 
21*«.*> 
2139.0 

7126.1 
71> . 
2125.8 
2122.8 
2121.1 

.7 

0.3 2165.1 
4.5 21*-0.# 
4.4 21»X),7 
4.8 ÎU.0,6 
4.9 ’ltoO.2 

2\4;Oa 
2159,7 
Íl5âf.é 

Ä 

MfcM, 

i:l 
12,2 

15.2 
17.2 
J.7.4 
17.8 
22.3. 
23*1 

3:ï 
Ç1 
K 21207) 

2118 a 

Total, i 
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Avüfpima.» 

100 
100 
1O0 
100 
w 

100 
100 
lOÜ 
1J0 
100 
100 

100 
100 
100 

130 
ifW 
100 
100 
100 

10U 
LOO 
100 
l<)0 
J 00 
100 

100 100 
100 lOO 
100 100 
100 100 

100 
100 
1)0 
100 
100 

¡00 
100 
1(10 
100 
¡00 
10O 

‘2* A* 

¡<» 100 

loo m w> 
m* » m* 

1.00 w 

m m 9P 0* 
ioo m !» *s* 
100 im ^ fl 

100 
100 
100 
100 

89 
r3 
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:xî 

*0 
*5 
sf>« 

■2* 

75* 
'4 

*^t 
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O 

fl 

#* 
m 

n* 
U 

f 
'H 
«• 

iï 
'10* 

m 
83* 
81 

67* 

f:4 
«■:!» 
m 

3 3* 
?r 
2*» 

4J 

r. 
M 
.M 
5* ♦ 

•1 
45 

’ï 4, 

41 
55* 
13* il 

m 
P 

23 
3) 
18* 

48 f> t5 
45 32 22 
B 20 

a? 

1.8 
23 

17 

;»5 

*4 

*;f 

r; 
'31 
*7 
34 
14 

!14 
;Îs4 
14 

a 
* 

U 

n 
13 

r: 
w 

1% 
70 

iS 

i 

if 

16 
it 

n 
i*i 
ï« 
17 
20 

i? 
12 

9 
ï;6 
1.5 
1? 
14 
19 

J69J 3È95 'SC-íW* 3HÄ6 311% 2716 20Ä* Ufl*- 1004* /10* 

37 $T 37 37 36 fi & W ;lfc ^ 

300.0 99*9 99.7 9B*5 88.4 75,4 57.5 3».9 ?7.0 19.V 

14:35? Wisi? 

4 à 41 

11.3 19.3 

a.* 
1 M 
«*.» 

7. a 
p,.*? 

2. » 
a 

7* ’O 
a, ^ 
2,'O 
a.*-* 

• 71 
». 1 

J.'i *.2 
?. '5 10. » 

2« 9 ^ * . * 

..*4 .J.' 

•/.7' 
.2.% *5.' 

2.71 20.9 
2.7Ï 
2.71 29.8 
2,71 27,2 

26,4 
2*73 34*0 

2.71 34.5 
.10,8 

2.72 29.0 95-.5 
2.71 ¢6.7 94.6 
2.7 

Af 

a; 
121.2 
121.7 
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e. Group 5* f. Group 6. 

Figure 3.2 Average gradation curves and band-spreads for six soil groups. 



Figure 3.3 Avenge gradation and plasticity characteriatice 
of lacustrine soil groups. 
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Figure 3.14 Con^parison of near-surface laboratory and field 
dry unit weight measurements. 
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CHAPTER k 

DYNAMIC COMFRESSIBILITY ANALYSIS 

4.1 TYPE OF DATA AVAILABLE 

Laboratory measurements of soil compressibility are usually made 

Jn a uniaxial strain device,^ in which a condition of zero radial 

strain is imposed as a boundary restraint on the specimen while a con¬ 

trolled axial or vertical stress az is applied to it. The response 

of the specimen is measured in terms of a vertical surface displace¬ 

ment, which is converted to vertical strain ez by dividing by the 

original height of the specimen. Compressibility is evaluated as the 

ratio of a change in vertical strain to a corresponding change in ver¬ 

tical stress. It can also be expressed as a stiffness by the recip- 

2 
rocal term, constrained modulus' M , i.e., Aj, divided by Ae . 

z z 

Constrained modulus has an especially significant role in soil dy¬ 

namics due to its direct linkage with the velocity of compression waves 

in continuous media. In an infinite elastic medium 

“ Although frequently referred to in conventional soil mechanics prac¬ 
tice as a consolidometer, oedometer, confined compression or one¬ 
dimensional compression device, the test boundary conditions are most 
accurately described from a continuum mechanics viewpoint by the term 

2 uniaxial strain (see Erlngen, 196?). 
M is related to other, more common elastic parameters as follows: 

n-x + g|i = K + |o = rr-^f(ÿ; 2v) 
Where: 

X and u « Lamé constants 
K = bulk modulus 
Q » shear modulus 
E * Young's modulus 
V » Poisson's ratio 
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Wherei 

Vp « compression wave velocity 

and 

p « mass density 

As pointed out by Whitman (1970), there is really no such thing as the 

constrained modulus of a soil, since the stress-strain curves whose 

slope M defines are by nature extremely nonlinear and hysteretic. 

This poses no real problem, however, for current wave propagation codes, 

which readily accept nonlinear hysteretic stress-strain data as direct 

input (see Radhakrishnan and Rohani, 1971, for example). The stress- 

strain curves furnished as input to blast-oriented problems though, 

should reflect the behavior of thé soil media when subjected to rapidly 

applied impulsive loads of high intensity. As a result, extensive ef¬ 

forts have been made to develop laboratory facilities capable of apply¬ 

ing loadings of this type to soil specimens confined so as to deform in 

an undrained state of uniaxial strain. 

Schindler (1968), after a critical review of previous developments, 

designed and evaluated a significantly improved device of the multiple- 

reflection type which utilized a unique gas-actuated ram oader to sub¬ 

ject 10-inch-diameter uniaxial strain specimens to millisecond-scale 

stress pulses with peak intensities up to 300 psi. Jackson (1968b) de¬ 

scribes modifications and extensions made for the express purpose of 

testing undisturbed field specimens obtained from 5-inch-d’;: .v. 'vv whelby 

tubes at pressures up to 15,000 psi; specimen preparation procedures de¬ 

signed to minimize sample disturbance, including those specifically 
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devised for use with relatively fragile lacustrine silts and sands, are 

also described. The equations and assumptions used for analysis of uni¬ 

axial strain test data have been outlined by Jackson (19^9)• A summary 

of the WES dynamic uniaxial strain equipment, specimen preparation, and 

test procedures is given in Appendix A. 

Although some dynamic compressibility data were obtained by other 

agencies for analysis of SNOW BALL ground motions (see Davisson and 

Maynard, 1965; Seknicka and Druebert, 1965; and Hendron, I965), use of 

the above described WES facilities to study the dynamic compressibility 

of soils from the Watching Hill Blast Range began in the summer of 1967 

with a limited series of tests on sample, obtained in the vicinity of 

DISTANT PLAIN Event 6 (Jackson and Windham, I967). Since that time,, ad¬ 

ditional test series have been conducted on samples from DISTANT PLAIN 

Event 1A, from PRAIRIE PLAT, and several on samples from DIAL PACK, 

the most recent being completed in May of 1971• Each of these series 

utilized a single loading device with its control settings fixed so as 

to subject all specimens in the series to an essentially common stress 

history. Thus, each of the actual test loading histories shown by the 

dashed lines in Figure 4.1 are characteristic of a number of other tests. 

As a result of the loading history similarities, it was possible to 

categorize each dynamic test according to loading rate using four some¬ 

what arbitrarily selected stress-time zones; boundaries for the four dy¬ 

namic loading categories are shown by the solid line segments in Fig¬ 

ure 4.1. They incorporate loading rates at various stress levels rang¬ 

ing from more than 1000 psi/msec in Category IV to less than 10 psi/msec 

in Category I. A number of static tests were also conducted. The time 

to peak load was on the order of several minutes for most of these tests, 
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several hours for some, and several days for a couple. These general 

static loading categories are designated as S, SS, and C, respectively. 

In addition to the normal precautions of checking test data sheets 

and driller’s logs for evidence of specimen disturbance or test irreg¬ 

ularities, special attention was given the specimen trimmer's original 

written notes and Polaroid record photographs. This was done in order 

to be reasonably confident that the trimmings used for classification 

and index tests matched the specimen tested, or that the specimen slice 

did not include the transition boundary between two different strata, 

The sample photographs shown in Figure 1.4 readily illustrate the rea¬ 

sons for these concerns, especially in view of the fact that only a few 

of the sample tubes were opened and mapped prior to making specimen 

cuts, as was obviously the case with the Figure 1.4 sample. After this 

screening, results from 130 uniaxial strain tests were assembled into 

Figures 4,2 through 4.11 for subsequent analysis. It should be kept in 

mind, however, that in spite of all precautions, variations from speci¬ 

men to specimen will exist even though obtained from the most homogenous 

of natural deposits. Thus, the proposed analysis must, of necessity, be 

based on considerable individual judgment. 

As previously mentioned, the partially saturated region above the 

water table undoubtedly dominates ground shock phenomena at the Watching 

Hill site. The attempt to define compressibility in this complicated 

region will include 125 of the 130 test results; behavior in the satu¬ 

rated region beneath the water table can be adequately depicted with the 

results from five tests. Each of the a versus e„ relations from 
z z 

these tests is identified in the subsequent figures by a plot number, 

consecutively listed as 1 through 120 for tests on undisturbed 
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specimens and R1 through RIO for tests on remolded sands. A table is 

given with each figure listing the specimen number,1 elevation, water 

content, dry unit weight, saturation, percentage of air voids, loading 

rate category, and soil classification group associated with each of 

the various stress-strain plots in that figure. 

4.2 RESULTS OF TESTS ON CLAYS 

Seventy-nine of the tests were conducted on clay specimens classi¬ 

fied as belonging either in Soil Group 1, Group 2, or Group 3. In ex¬ 

amining the results of these tests, it was observed that, while the com¬ 

position properties for the three groups vary somewhat with elevation, 

specimen compressibilities for all three groups were essentially the 

same if their composition properties were approximately the same; i.e., 

five sets of stress-strain curves could probably be used to represent 

15 profile zone-soil group categories. 

Data from less-than-40-percent-saturated specimens with values 

less than 83 pcf are plotted for Loading Rates IV and III in Figure 4.2a 

and for 7d value, greater than 83 pcf in Figure 4.2h. Siadlar data 

are given in Figure 4.3 for Loading Rate Categories II and I and in Fig¬ 

ure 4.4 for static categories. Considering the fact that these speci¬ 

mens were obtained from the near-surface region of intense weathering, 

they exhibit remarkably consistent stress-strain behavior and depict 

distinguishable trends of increasing stiffness with increasing density 

and increasing loading rate. Their loading behavior is characteristic 

1 Test specimens are generally identified by a four-part number, i.e., 
OPK/2/ 2.3, where DPK refers to Operation DIAL PACK, the 2A to un¬ 
disturbed Boring No. U2A, the 2 to Shelby tube Sample No. 2, and the 
3 to Specimen No. 3 trimmed from Sample DPK/2A.2. 
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of cohesive materials, i.e., Initially stiff due to structural bonding, 

followed by a softening as the bonds are sheared and a subsequent stiff¬ 

ening with further densification. The principal feature of this group 

of soils is their extremely high air voids percentage (i.e., greater 

than 30 percent), which results in exceptionally large, nonrecoverable 

strains under Intense loading} this unusually large energy-absorbing 

characteristic Should play a dominant role in Hatching Hill blast- 

induced ground shock phenomena. 

Based on the data given in Figure 3.14, a rd value of 80 pcf is 

considered representative of Profile Zone A} based on this dry density, 

the most representative stress-strain curves for Zone A are believed to 

be those shown in Figure 4.12. They illustrate behavior under stress 

levels up to 1000 psi; data are available on which to base extensions 

to considerably higher levels if necessary. A single unloading curve 

is given for the static plot which can be translated along the strain 

axis to define unloading behavior from all of the other plots. The 

curves indicate loading rate effects in te.*s of dynamic stress to 

static stress ratios at equal strains that are relatively insignificant 

for Rates I and II, but which rapidly increase to surprisingly large 

values for the faster rates of loading. 

Based on an average dry density of 8? to 88 pcf, the most repre- 

sentative stress-strain curves for Profile Zone B are believed to be 

those shown in Figure 4.13. They are slightly stiffer than the Zone A 

curves, reflecting their increased density; i.e., Zone B strains at 

200 psi are approximately 70 percent of the Zone A strains at this 

stress level, approximately 75 percent at the 500-psi level and 85 per¬ 

cent at 1000 psi. The pattern of loading rate influence observed for 
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the Zone A clays Is essentially repeated for the Zone B clays. 

Zone C contains strata that are 50 to 85 percent saturated with a 

representative air voids value of about 15 percent. The available data 

spanning this zone is given in Figures l*.5a, 4.5b* and 4.6a. The repre¬ 

sentative stress-strain curves deduced from these data are shown in Fig¬ 

ure 4.14. Although denser than the Zone B soils, their initial moduli 

are softer due to decreased intergranular friction and bonding effected 

by the added moisture. They rapidly stiffen, however, reflecting a 

characteristic crossover pattern with the Zone B soils as strains ap¬ 

proach air void closure. The previously observed pattern of loading 

rate influence is generally maintained in Zone C, but the effect ap¬ 

pears to be diminishing quantitatively, especially on the initial moduli 

values. 

Zone D contains strata that are 85 to 100 percent saturated with a 

representative air voids value of only 2 percent. Data for this regime 

are given in Figures 4.6a and 4.6b. The dominant role played by air 

void content on the response of these specimens is readily apparent; 

with the lone exception of Plot No. 55» there is excellent agreement be¬ 

tween the "locking" strains exhibited during the compression tests and 

the theoretical values of V calculated from other specimen data. The 
a 

stress-strain curves selected to represent Zone D are shown in Fig¬ 

ure 4.15a. Rather than continue to soften with increasing saturation, 

the initial moduli are roughly twice as stiff as those for Zone C; pre¬ 

sumably this is due to added resistance now being provided by the pore 

water. The previously noted trend of diminishing influence of loading 

rate with increasing saturation continues, however. 

Entry into the zone of 100 percent saturation, Zone E, occurs 
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between elevation 214? and 2145. Data available between this latter el¬ 

evation and the water table at about elevation 2142 are given in Figure 

4.7a; data from five teata conducted on specimens Obtained from beneath 

the water table are given in Figure 4.7b. Both the calculated V val- 

ues and the stress-strain data indicate small amounts of air or gas in 

the specimens. Although most of it can probably be attributed to 

sampling-induced processes, it is also quite unlikely that any natural 

soil is theoretically pure in terms of air voids, at least until sub¬ 

jected to some pressure. In any event, if lack of a measurable hyste- 

retic effect is any indicator, then the data above a stress of 200 psi 

in Figure 4.7b would certainly qualify as representing fully saturated 

specimens. The maximum moduli calculated from the slopes of Plots 75 

through 79 are 495,000, 360,000, 640,000, 680,000, and 435,000 psi, re¬ 

spectively, for an average bulk modulus of 522,000 psi. The soils ob¬ 

tained below the water table were predominately Group 1 and Group 2} 

using the void ratio values at elevation 2142 shown for these soils in 

Figure 3.15, a bulk modulus for water of 300,000 psi, and a bulk modulus 

for quartz of 4.45 * 106 psi, the bulk modulus of the Watching Hill mix¬ 

ture is calculated as 577,000 psi with the equation given by Richart, 

Hall, and Woods (1970). If a bulk modulus of 1.8 x 10^ psi is assumed 

for the clay minerals instead of the quartz-related value of 4.45 X 10^ 

psi, a mixture modulus of 525,000 psi is calculated, which is excep¬ 

tionally close to the average measured value of 522,000 psi. 

The «tress-strain curve recommended for use with all soil groups 

and all loading rates is given in Figure 4.15b. This curve uses as an 

initial modulus the st If fest initial value measured during any test, 

i.e., 150,000 psi. The modulus subsequently Increases to a value of 

550,000 psi at a vertical stress of 200 psi, reflecting a slight air 
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void content of 0.0$ percent. For those who prefer to hypothesize a 

value of zero, the dashed line through the origin should suffice. 

4.3 RESULTS OP TESTS ON CLAYEY SILTS 

Twenty-nine tests were conducted on clayey silt specimens from 

Group 4. Profile Zone A was defined as the region between elevation 

2158 and 2151; the most representative dry density for this zone is be¬ 

tween 84 and 85 pcf, but as can be seen in Figure 3.9» there is con¬ 

siderable scatter in the data . Results from all tests on speci¬ 

mens with 7d values less than 85 pcf are plotted in Figure 4.8a; 

those with 7d values greater than 85 pcf are plotted in Figure 4.8b. 

Comparison of these two figures reveals the expected trend of increasing 

stiffness with increasing density, but since the average 7d value for 

all of these tests was 85.2 pcf, they .were combined to establish repre¬ 

sentative curves for the zone. 

Profile Zone B was defined as the region between elevation 2151 and 

2147 with a representative 7d value just a little above 85 pcf. In 

contrast to the data from Zone A, densities from the test specimens ob¬ 

tained from Zone B were very tightly grouped with an average value of 

84.9 pcf; test results are plotted in Figure 4.9a. The set of curves 

selected to represent this zone were only marginally different from 

those selected for Zone A. This is really not surprising in view of 

the fact that both zones have essentially the same representative 

value and representative saturations less than 40 percent. It is, 

nonetheless, an opportunity to further reduce the nunfcer of sets of 

•tress-strain curves required to characterize site behavior; the set 

•elected to represent both Zones A and B is given in Figure 4.16. 



85 

The influence of loading rate is even more pronounced in these dry 

silt zones than in the comparable zones of dry clay. The silt series 

even included two week-long tests in static Loading Rate Category C, 

which adds a further dimension to the overall results. Finding data to 

corroborate specialized test results on undisturbed specimens from an 

isolated location, while usually quite fortuitous, nevertheless is al¬ 

ways welcome. Hendron and Davisson (1964) report the results of static 

and dynamic uniaxial strain tests on silt specimens obtained from an 

undrained desert basin within the Nevada Test Site known as Frenchman 

Flat. The water contents, dry densities, and saturations of their test 

specimens were almost in perfect agreement with those from Watching 

Hill Zones A and B. Static loading rates were analogous to those of 

Category S; their two dynamic loading rates, as evidenced by comparing 

the typical examples presented with those in Figure 4.1, are analogous 

to Categories II and IV. The playa silts of Frenchman Flat have a ce¬ 

mented structure which precludes a valid comparison with the Watching 

Hill silts at low stress levels, but Hendron and Davisson note that 

this natural structure has generally been destroyed after application 

of 1000 psi, so perhaps a conparison at that level is meaningful. In 

this stress regime, their data indicate a band of static-to-dynandc 

Rate II strain ratios ranging from 1.00 to 1.40, or an average ratio of 

1.20. Ratios of static strains at 1000 psi to dynamic Rate IV strains 

at this stress level for the playa silts fall within a band ranging 

from 1.35 to 2.35 with an average value of 1.85. Watching Hill silt 

strains at 1000 psi in Figure 4.16 are 18.7, 15.3* and 10.4 percent for 

curves representing Loading Categories 3, II, and IV, respectively, 

giving a Il/S ratio of 1.22 and a IV/S ratio of 1.80. 
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Profile Zone C extends over a narrow reach between elevation 2147 

and 2144 within which saturations rapidly increase from 50 to 85 per¬ 

cent and the representative air void value is 15 percent. Data for 

this zone is plotted in Figure 4.9b; as observed for the clay data, 

there is excellent correlation between strain "lock-up" and calculated 

Va values. The set of stress-strain curves believed to best represent 

behavior in this zone are given in Figure 4.17. Even though the speci¬ 

mens were slightly more dense than those in Zones A and B, initial 

moduli, like those for the counterpart Zone C clays, were softer. But, 

as expected, they rapidly stiffen prior to reaching the 15 percent 

strain effective limit. 

Profile Zone D ranges from elevation 2144 to 2140. No silt speci¬ 

mens were recovered from this zone, but since the dominant feature is 

the low average air void content, i.e., only 2 percent, the stress- 

strain curves recommended for Zone C clay strata in Figure 4.15a should 

also suffice for any clayey silts found between the above elevations. 

As already mentioned, response in the saturated Zone E regime is de¬ 

fined by the curve in Figure 4.15b. 

4.4 KESULTS OF TESTS ON SILTY SANDS 

Obtaining undisturbed specimens of sand for laboratory testing is 

seldom a very rewarding task, and the Watching Hill site Investigation 

was no exception as only 12 such specimens were obtained. Not even all 

of these were strictly applicable to the problem at hand, as evidenced 

by those plotted in Figure 4.1½. These specimens appear to be repre¬ 

sentative of a borderline classification; i.e., while their gradation 

(as noted in the percentage passing the 200 sieve column added to the 

descriptive tables for the sand tests) indicates a Group 5 silty sand. 



87 

their dry dencitiec indícete a Group 4 clayey silt baaed on their eleva¬ 

tion and their water contenta fall almoat preciaely in between. Never- 

theleaa, they give aome information on poaaible loading rate effecta aa 

do Plot Noa. 112 and 113 in Figure 4.10b. Compariaon of Plot 113 with 

Plot 114 in the eame figure indicates an influence of grain-aize dis¬ 

tribution while the data in Figure 4.10c gives information on the ef¬ 

fect of Increased saturation. 

By supplementing the undisturbed data with results from remolded 

teats, other factors can be given quantitative consideration. For ex¬ 

ample, comparing Plot 119 with Plots HI and R2 in Figure 4.11a gives 

some information on the effect of natural structure on Group 6 sands 

while HI and R2 with R3 gives information on loading rate effects in 

the saaie materials. Comparing R3 with R4 through R8 indicates the mag¬ 

nitude of dry density and grain-aize effects. Loading rate effects in 

a Group 5 sand are evidenced in the R9 and RIO plots of Figure 4.11b 

and natural structure effects in an RIO versus 120 comparison. 

By analyzing the above resulta, quantitative conciliions could be 

made regarding the effects of natural structure, aa Indicated by un¬ 

disturbed versus remolded response, and the effects of loading rate on 

the stress-strain behavior of the two sand groups. Natural structure 

effects are shown in Figure 4.18a. The shaded zone defines the quan¬ 

titative effect, in terms of a differential in strain as a function of 

stress level, between remolded R and undisturbed Ü tests. The ac¬ 

tual positions of the R curves are not Intended to define stress- 

strain within any particular profile zone of the two classification 

groups} rather they are intended as reference lines from which the rel¬ 

ative strain for a compatible undisturbed specimen can be estimated. 
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The banda in Figure 4.18a readily depict the fact that compressibility 

as well as natural structure effects decrease as the amount of fines in 

the specimens decrease, i.e., Soil Group 5 was defined as having between 

30 and 70 percent of its particles pass the 200 sieve, while less than 

30 percent pass for Group 6 sands. 

Loading rate effects are shown in Figure 4.18b where the shaded 

bands define the quantitative differential expected between static 

tests of rate S and dynamic tests with loading rates in Category IV. 

A decreasing influence of loading rate can be noted with a decreasing 

percentage of silt- and clay-size particles. The bands in this fig¬ 

ure, as well as those in Figure 4.18a, were each derived from two com¬ 

patible sets of test data; good agreement was observed between the two 

sets in all cases. While two of anything can hardly be considered as 

a basis for statistical confidence, it was nonetheless quite comfort¬ 

ing not to contend with diverse trends. 

Profile Zone A for Group 5 ranges from elevation 2158 down to el¬ 

evation 2149 with a dry density average of about 88 to 89 pcf. Based 

on the data given in Table 3*5, Group 5 soils are composed, on the 

average, of 50 percent minus-200 particles. Based on the data given 

in Figure 4.11a, the estimated remolded static stress-strain curve for 

the above density and gradation is shown by the dashed line in Figure 

4.19a. The natural structure effects shown in Figure 4.l8a were su¬ 

perimposed to obtain the S-designated solid line estimated to be rep¬ 

resentative of in situ static response. Loading rate effects from Fig¬ 

ure 4.l8b were then superimposed on this curve to establish the upper 

bound for the recommended set of dynamic curves. Similar rationale 

was used to devise the Group 5-Zone B recommendations in Figure 4.19b, 
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those for Group 6-Zone A in Figure 4.20a, and for Group 6-Zone B in 

Figure 4.201), 

As defined in Figure 3.17, the air void content at the bottom 

boundary for Group 5-Zone C is 7 percent. Plot No. 116, albeit from 

Group 6, was determined from a sand specimen with 7.7 percent air voids 

tested at Loading Rate IV. This plot, with the exception of a lower 

initial modulus, roughly corresponds to the Category IV curve for 

Group 5-Zone B. The bottom boundary for Group 6-Zone C is listed as 

4 percent} Plot 115 was determined from a Group 6 sand specimen with 

3.6 percent air voids. This Category IV test roughly corresponds, with 

the same initial modulus exception as before, to the Category IV curve 

for Group 6-Zone B. Since the average Zone C air voids value of 16 

percent well exceeds the maximum strain predicted at 1000 psi in Zone B 

with either sand type, it is believed that the Zone B curve can also be 

used to represent the behavior of any stratums found in Sand Zones C, 

i.e., Figure 4.19b for Group 5-Zone C and Figure 4.20b for Group 6- 

Zone C. 

As previously discussed, Zone D behavior is governed almost ex¬ 

clusively by the low air void percentage, and as with the silts, It is 

believed that the clay-based Zone D curves in Figure 4.15a will ade¬ 

quately depict sand behavior in this regime. Saturated Zone E behavior 

for all groups was previously given in Figure 4.15b. Completion of 

these sand response definitions also completes the analysis as intended 

by the purpose set forth in Section 1.2. Presumably now, for any given 

location at the Watching Hill Blast Range for which a field boring log 

with conventional soil classification and index data exists, the soils 

can be grouped according to the criteria given in Section 3.2, an 
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idealized profile suitable for ground shock calculations established 

using the zoning outlined in Figure 3.17» and stress-strain curves se¬ 

lected from Figures 4,12 through 4.20 to represent the in situ response 

of each zone in the profile to transient uniaxial strain loading and 

unloading. An illustration of the application of this procedure will 

be given in the concluding chapter. 
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CHAPTER 5 

CONCLUSION 

5.1 EXAMPLE APPLICATION OF RESULTS 

Before the representative dynamic compressibility relations given 

in the preceding chapter can be applied in ground shock calculations for 

the Watching Hill site, a correlation must be established between the 

laboratory loading rate categories which form the basis for the differ¬ 

ent stress-strain curves and the explosive-induced loading rates antici¬ 

pated at various depths within the profile. Although explosive-produced 

airblast pulses are characterized by extremely fast loading rates (i.e.s 

times to peak stress on the order of microseconds), the rate at which a 

subsurface soil stratum is stressed as a result of such a pulse can be 

considerably altered by the stress-strain properties of the intervening 

soil strata. If these strata are extremely inelastic or hysteretic, as 

has been shown to be the case with the partially saturated soils at 

Watching Hill, then loading rates should be sharply attenuated with 

depth. And if, in addition, the virgin stress-strain relations ini¬ 

tially soften under an applied stress, as is particularly evident in the 

case of the clays found just below the ground surface at Watching Hill 

(see Figures k,12 and 1+.13), the process of loading rate attenuation is 

further enhanced. 

Stress gage measurements were made by WES at the 1.5, 5.0, 10.0, or 

17.0 foot depths during DISTANT PLAIN Events 6 and 1A, Operation PRAIRIE 

FLAT, and Operation DIAL PACK (Murrell, 1970a, 1970b, and 1971). Most of 

these measurements were made at ground ranges subjected to peak airblast 

overpressures Pgo ranging from 100 to 1600 psi. Vertical stress 

111 
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versus time data recorded at the four different depths by these gages 

are plotted in Figure 5*1. Since these stress-time histories are influ¬ 

enced by the intensity and duration of the surface overpressure pulse, 

they are grouped into two overpressure ranges, i.e., l600 psi > P 
SO 

> 400 psi and ifOO psi > PgQ > 100 psi. Boundaries for the loading rate 

categories used to distinguish stress pulses applied in the laboratory 

I 

are superimposed on each of the eight field measurement plots. Based on 

these data, rough approximations to the variation of explosive-induced 

loading rates with depth at the Watching Hill Blast Range are given in 

the following tabulations.* 

l600 psi > P > 1*00 psi 
so 

Depth 

—£1_ 

0 to 2 

2 to 5 

5 to 10 

>10 

Toadihg Rate' 
Category 

IV 

III 

II 

I 

400 psi > P > 100 psi 
so 
Loading Rate Depth 

, ft 

0 to 1 

1 to 2 

2 to 5 

>5 

Category 
..i.. 

IV 

III 

II 

I 

It should be noted that loading rate attenuation will cease (or more 

than likely reverse) when the nonhysteretic saturated regime near the 

water table is encountered. But since a single, rate-independent 

stress-strain relation was specified for this regime, further defini¬ 

tion with depth is unnecessary. 

With the above field loading rate profiles established, it is now 

possible to illustrate with specific examples the manner in which soil 

profile and dynamic compressibility input can be selected for theoreti¬ 

cal ground shock calculations. For the first example, assume that the 

location of interest is the 1000-psi surface overpressure contour for 

DISTAIIT PLAIN Event 1A. T ie nearest subsurface log and conventional 
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soil classification and index data is that from Boring DP/UGZ (see Fig¬ 

ure 2.8). This information is plotted to a depth just below elevation 

2l40 feet in Figure 5-2. Using the available gradation and plasticity 

data in conjunction with the criteria established in Section 3.2, the 

conventional log can readily be reclassified into the six groups which 

characterize the near-surface lacustrine deposit at Watching Hill. 

Translating the reclassified log into the first three columns of 

Table 5.1 facilitates the remaining steps. Profile zone designations 

for each soil stratum are entered in column four based on the boundaries 

given in Figure 3.IT. The set of stress-strain curves applicable to 

each soil group-profile zone combination is referenced from Figures 4.12 

through 4.20 in column five. The appropriate curve within the set in 

each figure is singled out by the loading rate category selected from 

the 1600 psi > P > 400 psi tabulation above and entered in column six. 
so 

Finally, calculation layers are identified by number, depth, and thick¬ 

ness. These layers do not necessarily coincide with the soil stratum 

depths listed in column two. For instance, the stratum boundary at a 

depth of 1.3 feet can be omitted as a layer boundary since Soil Group 

2-Profile Zone B has the same set of stress-strain curves as Soil Group 

1-Profile Zone B. But a layer boundary must be inserted at 2.0 feet 

even though a stratum change does not occur at this depth because of the 

loading category change from IV to III. If it is necessary or desirable 

to use fewer layers in the calculation, then several layers and their 

stress-strain curves can be combined proportionally to define a compos¬ 

ite layer of equal overall compressibility. 

Because of its location on an apparently eroded slope (see contour 

map in Figure 2.8), Boring DP/UGZ exposed a clay crust only 2.5 feet 
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thick. This is in contrast to the second example, vhere the overlying 

clay crust was found to be 8.1 feet thick. This latter example assumes 

that the location of Interest is the 300-psi surface overpressure con¬ 

tour on a SW bearing from the GZ of Operation DIAL PACK. The nearest 

subsurface log and conventional soil property data is that from Boring 

DPK/U1A. The conventional and reclassified logs are shown in Figure 5*3. 

Following the same steps outlined in the first example, with the single 

exception of using the 400 psi > P > 100 psi field loading category 

tabulation instead of the 1600 psi > P > 400 psi tabulation, the cal- 

culation layers and their respective dynamic compressibility relations 

were defined in Table 5.2. 

It is clear from the above examples that the process of selecting 

Watching Hill profile and compressibility input for theoretical ground 

shock calculations has been reduced to a simple, almost-mechanicai pro¬ 

cedure. It should also be clear, however, that this simplification was 

bought at the expense of numerous averages, generalizations, idealiza¬ 

tions, and assumptions. It should not be used to the exclusion of other 

data or information pertinent to specific problem situations. 

5.2 SUMMARY OF FINDINGS AND CONCLUSIONS 

This study was concerned with the analysis of a large quantity of 

soil property data obtained intermittently over a four-year period from 

the Watching Hill Blast Range at DRES, Canada. Through this collective 

analysis, a clear picture has been established, for the first time, of 

the overall site stratigraphy, the nature of the associated soil depos¬ 

its, and the Influence exerted by physical properties on the dynamic 

conpressibility of the near-surface glacial lake sediments. 



115 

The specific problem posed regarding application of this newfound 

understanding was that of furnishing accurate profile information for 

sophisticated ground shock calculations and selecting stress-strain 

curves to represent the in situ response of each laver in the profile to 

transient uniaxial strain loading and unloading. The primary purpose of 

the study was to determine if a relatively sinple procedure could be 

outlined whereby this could readily be done for any given location with¬ 

in the site for which a field boring log and conventional soil classifi¬ 

cation test data were available. The principal conclusion, therefore, 

is that it was possible to develop such a procedure, as demonstrated in 

the above examples. In the process of developing this procedure, it was 

found that: 

1. The site overlies a large buried preglacial valley, the floor 

of which is composed of a zone of coal seams and carbonaceous shales, 

probably representing the Upper Cretaceous Foremost formation. The soil 

profile consists of a 210- to 220-foot-thick succession of Pleistocene 

tills and lake deposits. 

2. The available field seismic survey data were useful primarily 

in that they denoted the general lines of demarcation between major 

changes in the deposit, i.e., the water table separating the highly com¬ 

pressible partially saturated soils from the relatively incompressible 

saturated regime and the soil-bedrock interface. They were of no help 

in depicting detailed subsurface stratigraphy and of little quantitative 

use with regard to dynamic compressibility under intense blast-induced 

loadings. 

3. The site profile appears to consist of nine different strati¬ 

graphic units, i.e., three units of stratified lacustrine sediments, 
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thr«e unit« of outvo»h sands and gravels, two units of unstratified 

glacial till, and the bedrock unit. The upper lacustrine deposit Is 

characterised by a relatively stable groundwater table, above which the 

soils have apparently been subjected to numerous cycles of flooding and 

drying. 

1*. The primary physical properties affecting soil compressibility 

were grain-size distribution, Atterberg limits, and the various three- 

phase weight-volume relationships produced as a result of the specific 

geologic environment. The principal mechanisms contributing to the 

uniaxial-strain response of partially saturated, undrained soil speci¬ 

mens could be reasonably represented by the analogy of a spring, partly 

surrounded by water and partly by air, compressing within a sealed 

cylinder. 

5. The Unified Soil Classification System was too broad to ade¬ 

quately classify the various fine-grained sediments found within the 

near-surface lacustrine deposit. It was possible, however, to establish 

an expanded grain size and plasticity based classification whereby all 

of these sediments, regardless of their elevation location within the 

deposit, could be sorted into six soil groups. 

6. The specific gravity, water content, and density data for each 

of the six soil groups revealed consistent patterns of variation with 

depth and/or elevation. There was ample evidence to indicate that, due 

to geologic and climatic influences, these composition property profiles 

are quite site dependent. 

7. The calculated volume relationships of void ratio, porosity, 

saturation, and air void content also exhibited characteristic profiles 

for each soil group. The elevations below which the various soil strata 
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were calculated to be 100 percent saturated agreed very well with those 

anticipated due to the observed position of the groundwater table. By 

analyzing these property profiles, it was possible to subdivide the site 

into five generalized zones (A, B, C, D, and E) within which all the 

soil strata of a given group were expected to have similar compressibil¬ 

ity characteristics. 

8. As a result of loading history similarities, the available uni¬ 

axial strain test data for each soil group could be further categorized 

according to loading rate (i.e.. Categories IV, III, II, and I for dy¬ 

namic tests and S, SS, and C for static tests). 

9. Based on the analysis of 130 measured stress-strain relation¬ 

ships (120 of which were from undisturbed specimens), a set of curves 

could be drawn to represent, as a function of loading rate, the in situ 

uniaxial strain response of each soil classification group-profile zone 

combination. These curves quantitatively define the compressibility of 

the various interbedded soil strata in the upper glacial lake deposit at 

Watching Hill. 

10. By studying the records of field stress measurements obtained 

during different explosive events, a rough correlation could be estab¬ 

lished between laboratory test loading rates and those to be expected at 

various depths and surface overpressure ranges. This correlation per¬ 

mits selection of specific comnressibility curves for input to specific 

ground shock calculation problems related to the Watching Hill HE tests. 

5.3 RECOMMENDATIONS FOR FUTURE STUDIES 

Completion of this physical property and dynamic compressibility 

analysis will obviously materially assist with the soil mechanics 
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aspects of numerous projects involved in the series of explosive events 

at Watching Hill. It also opens the way for some fundamental studies of 

ground shock phenomena within multilayered geologic media. Several 

such follow-on studies readily come to mind. The first involves using a 

one-dimensional wave propagation code such as that described by 

Radhakrishnan and Rohani (1971) to calculate the effects of a given sur¬ 

face overpressure pulse within the soil profiles found at various site 

locations. The two used in the Section 5.1 examples should be included 

since the DP/UGZ location had only a thin clay crust and almost no 

highly saturated clay strata interspersed with the dry silts and sands. 

On the other hand, the DPK/U1A location had a number of such strata as 

well as being overlaid by a relatively thick dry clay crust. A second 

study of interest would be to compare the results from a calculation on 

a many-layered profile (such as the 36-layer DPK/U1A profile) with those 

from calculations on a series of composite-layer profiles using succes¬ 

sively fewer layers in the profile representation. 

Studies could also be conducted to ascertain the impact of incor¬ 

porating the deeper stratigraphic units into ground shock calculations. 

Additional uniaxial strain data is available which can be analyzed to 

determine if suitable dynamic compressibility relations can be estab¬ 

lished for these units. Establishment of soil property input for two- 

dimensional calculations requires the analysis of lateral earth pressure 

coefficient and triaxial shear data (see Jackson, 1969). Although by no 

means as complete as the basic uniaxial strain test data, some test data 

are available for such analyses within the soil classification group 

framework established herein. 
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Tabic 5.1 

Input Data for 1000.pal Calculation at florlnr Dicing, 

Elevation 
ft 

2160,9 ~ 

2159.6 — 

2158.6 • 

2158.4 ■ 

2157.9 ■ 

2157.3- 

2156.7 - 

2156.4 . 

2155.9- 

2155.6 - 

2154.8 - 

2154.4 - 

2152.8 - 

2152.0 - 

2151.4 - 

2150.8 - 

2150.2 - 

2149.5 - 

2148.8 - 

2147.6 — 

2147.6 - 

2147.4 — 

2146.0 — 

2145.8 — 

2145.4 _ 

2145.1 — 

2144.9 

2144.1 — 

2143.3 — 

2143.1 — 

2140.9 — 

Depth 
ft 

0.0 ■ 

1.3 ■ 

-- 2.3' 

— 2.5 ■ 

— 3.0. 

— 3.6 ■ 

— 4.2 . 

- 4.5 . 

- 5.0. 

- 5.3- 

- 6.1. 
- 6.5- 

- 8.1- 
- 8.9- 

- 9.5 - 

- 10.1 - 

- 10,7- 

- 11.4 - 

- 12.1 - 

- 13.1 - 

- 13.3- 

- 13.5- 

- 14.9- 

. 15.1- 

- 15.5- 

. 15.8- 

. 16.0 — 

■ 16.8 — 

■ 17.6 — 

17.8 — 

20.0 — 

Soil 
group 

A/» 

0 - t Selection 
t'igure Loadiiij 

Keference Rate 

4.13 

4.13 

4.13 

4.19a 

4.13 

4.16 

4.19a 

4.16 

4.13 

4.19a 

4.1f. 

4.19a 

4.20a 

4.19a 

4.16 

4.19a 

4.16 

4.20a 

4.16 

4.20a 

4.16 

4.19b 

4.15b 

4.17 

4.15a 

4.17 

4.19b 

4.15b 

4.15a 

4.15a 

4.15b 

IV 

IV 

III 

III 

111 

III 

III 

III 

II 

II 

n 

ti 

n 

HA 

HA 

HA 

"al ulatlci Later« 
.* lErassss 

Hurber ft ft 

10 

11 

14 

15 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

0,0 ■ 

2.0 . 

- 2.5 • 

- 3.0 ■ 

- 3.6. 

- 4.2 . 

- 4.5 . 

- 5.0 . 

- 5.3. 

- 6.1. 

- 6.5. 

- 8.1. 
- 8.9- 

- 9.5 - 

- 10.1 - 

- 10.7 - 

- 11.4 - 

- 12.1 - 

- 13.1 - 

- 13.3- 

• 13.5 - 

. 14.9 _ 

• 15.1 — 

. 15.5 _ 

. 15.8 — 

. 16.0 — 

16.8 — 

17.6 — 

2.0 

0.5 

0.5 

0.6 

0.6 

0.3 

0.5 

0.8 

0.4 

1.6 

0.6 

0.6 

0.6 

0.6 

0.7 

1.0 

0.2 

0.2 

1.4 

0.2 

0.4 

0.3 

0.2 

0,8 

0.8 

2.4 

20.0 
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T»M.» 5.3 

tea tea f"r ffiaal MattasteJi! ferl!* 2a3fl¿ 

Unüs ms 
UcvaUou 0*| th 

ft It 

a»SJ4 — 1.8 

. ?.s 

Sell 
(ifOU|l 

2 

1 

2 

2157.¾ ■ 

2157.0 . 

215Í.2 • 

2159.5 ■ 

2155.1 ■ 

215*t.!* • 

2153.8 ■ 

2153.5 ■ 

2153.3 - 

2153.1 * 

2151.5 ■ 

21».5 - 

2130,0 . 

2149.7 . 

2A9.it . 

2A3-2 - 

2A9.0 - 

2A8.*r . 

2A3.2 - 

. 7.7 

. 8.1 

• ft, Sf 

• 9.5 

- 1M 

• 10.7 

• 11.3 

• 11.* 

. 11.3 

. 12.0 

■ 13.« 

. A,6 

. 13,1 

. 15A 

• 15.7 

. 15.9 

. l*i.l 

■ 15*5 

■ IÚ.9 

3 

t, 

2 

4 

4 

3 

1 

9 

2A7.6 .17.5 

2:97,3 17.8 

214?.1 .. ' 13.0 

214«, 9 —- —.19.1 

2 A5.4 —— 19.7 

2144.3 ..—..-i.il.20.3 

2194.5 —.-. 20.« 

2193.8 —.21.3 

9 

5 

2 

9 

5 

7 

i 

2A3.4 . 21.7 

2143.2 ... 21.9 

2142.7 ...- 22.4 

2142.2 ..... 22.9 

2A1.6    ?3.5 

2141.3 . 23.0 

2140.9 —._ 24.2 

5 

4 

2 

5 

4 

iTull lit 
Zone 

A 

A 

A 

B 

3 

B 

A 

A 

.A. 

A 

A 

A 

A 

A 

A/B 

r> 

A 

Î) 

D 

B 

D 

B 

B 

a/: 

c 

K 

K 

D 

D 

l1" g •.C.'i-tlotr.' 
ITpir«» ..'.. tSIliir 

Rtf «re Tii?« Rut« 

IV 

4.12 ill 

4.12 

4.13 

4.13 

II 

II 

I 

ralculttfan .- - r 

n. 

.... 0.,0 ■ 

.... 1,0' 

2.0 1 

4.1 * 
2.1 

4.1' 

4.20* 

,..4.1-5 

4.20(1 

4.1 

4,¾¾ 

4,14 

4,1 

4*19(i 

4,l.t: 

4.3.5% 

4.14 

4.30% 

4.15« 

4.1 

4,15-t 

4,14 

4.15s 

4.1 

4.19b 

4,19b 

4.15b 

9,1,9b 

4,15a 

. 1 Sa 

4,15b 

4,15 b 

4,45b 

4,15« 

4.15» 

4.35b 
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Figure 5.1 Comparison of field stress measurements with laboratory- 
loading rate categories. 
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Figure 5.2 Conventional and reclassified logs for Boring DP/UGZ. 
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Figure 5.3 Conventional and reelasaified loga for Boring DîK'AuA 
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APPENDIX A 

WES DYNAMIC UNIAXIAL STRAIN TESTING EQUIPMENT AND PROCEDURES 

A.l TESTING EQUIPMENT 

The WES facilities for uniaxial strain soil property testing 

consist of two gas-actuated ram loaders capable of applying variable- 

intensity impulsive loads that are characteristic of airblasts and vari¬ 

ous test chambers which convert the ram load to a uniform axial pressure 

applied to the top surface of a laterally constrained soil specimen. 

The WES Dynapak ram loader in position for a uniaxial strain test is 

shown in Figure A.l. The Dynapak loader is used to apply preprogrammed 

dynamic loads of up to 50 kips with rise times to peak load ranging from 

1 to 40 msec, hold times from 0 to », and decay times from 25 to 10,000 

msec. The SECO loader can be used to apply similar impulsive loads of 

up to 100 kips; this loading machine is shown in Figure A.2. 

A.1.1 10-Inch-Diameter Device. A cutaway drawing of the WES 

10-inch-diameter uniaxial strain device is shown in Figure A.3. Load 

from the ram Is transmitted through three columns to a piston which com¬ 

presses a fluid to uniformly load the soil specimen. Pressure is meas¬ 

ured in the fluid so that 0-ring friction and piston inertia do not 

create applied stress measurement problems. The specimen is kept thin 

or wafered in order to minimize sidewall friction effects and to permit 

a uniform state of stress to develop within the specimen due to multiple 

internal stress reflections. Specimens are 10 inches in diameter and may 

be either 1-inch or 2-l/2-inch thick, depending upon the anticipated 

compressibility and gradation of the soil being tested. Surface deflec¬ 

tions are measured at four points across the specimen using linear 

129 



130 

variable differential transformers (LVDT's); special provisions have 

been incorporated into this measurement system to eliminate core rod 

friction and chamber fluid leakage while permitting calibration of the 

magnetically sensitive coils in the actual test environment. 

An oscillogram recording of the applied vertical pressure and de¬ 

flection response versus time for a typical dynamic test is shown in 

Figure A.k. Strain is calculated from the surface deflection and the 

height of the soil chamber by the usual assumption that strain within 

the specimen is uniform from top to bottom. The 10-inch-diameter device 

is extremely versatile 5 it can be used to conduct static and dynamic 

tests for purposes of fundamental research as well as for practical 

engineering applications, on either laboratory-prepared or field-sampled 

specimens of all soil types, under pressures ranging up to 2000 psi. 

Design and evaluation of this device and its high-quality performance 

have been described in considerable detail by Schindler (1968). 

. 5-Inch-Diameter Device. When a soil sample is removed from 

the ground, its geostatic overburden stresses are relieved resulting in 

some volumetric expansion of the sample. Since a principal boundary 

condition of the uniaxial strain test involves the absence of strain in 

the lateral direction, special procedures {to be described later) have 

been devised for preparing test specimens without extruding them from 

the l/8-inch-wall-thickness steel tubes used to extract the samples from 

the field site. Although the lateral expansion of such specimens is re¬ 

stricted, they can readily expand axially and thus, prior to live load¬ 

ing, must be recompressed under a static axial pressure approximately 

equal to the geostatic overburden stress at the depth from which the 

sample was obtained. When the specimen is unloaded, all stress 
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( Including both the live stress and the overburden prestress) is removed 

dynamically. This permits measurement of the response of the specimen 

to live tension stresses up to the limit set by the overburden. 

The 5-inch-diameter uniaxial strain device is simply an adaption of 

the basic 10-inch-diameter device modified for the express purpose of 

testing undisturbed specimens lathed from 5-lA-inch-OD by 5-lnch-ID 

Shelby tubes. A cutaway drawing of flhe 5-inch-diameter device is shown 

in Figure A.5. Doughnut-shaped inserts were machined for the 1- and 

2-l/2-inch-deep soil containers to receive the Shelby-tube ring speci¬ 

mens} a similarly shaped insert was made to adapt the fluid container 

for a 5-inch-diameter piston loading assembly. lew upper container and 

LVDT coil support plates were also required. Strain measurement is 

made by a single, centrally located LVDT. 

A.I.3 15,000-Psi Device. For nuclear weapons effects related 

problems, there is a need for meaningful soil constitutive property data 

obtained under controlled states of stress much higher than the 2000-psi 

capability of the previously described devices. A cutaway drawing of a 

15,000-psi device is shown in Figure A.6. Although this device is simi¬ 

lar in principal to other WES devices, there are perhaps three distin¬ 

guishing features which should be pointed out. First, since at 15,000- 

psi pressures even steel deforms significantly, the chamber wall thick¬ 

ness has been increased substantially to limit the radial strain and 

thus maintain an essentially uniaxial strain condition. The second fac¬ 

tor results from the fact that one cannot generate 15,000 psi on a 

5-inch-diameter piston with a 100-kip loading machine. Thus, a force 

multiplier technique had to be devised wherein a loading piston smaller 

in diameter than the soil sample was used to pressurize the fluid 
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chamber. The third and most crucial factor is that the unique LVDT 

strain measurement system currently being used with the other WES de¬ 

vices Is not suitable for use at this extremely high pressure since the 

increased wall thickness required for the core housing would prevent an 

acceptable coil response. A new strain measurement system is employed 

in which the LVDT is completely contained within the pressurized fluid 

chamber. 

A.2 UNDISTURBED SPECIMEN PREPARATION PROCEDURES 

The tube or ring containing the soil specimen is carefully machined 

and the specimen trimmed to a length exactly equal to the depth of the 

test device soil container. For tests in the 10-inch-diameter device, 

the specimen and ring are placed in the center of the soil container and 

the volume between the ring and the container wall is filled with com¬ 

pacted sand as shown in Figure A.7» Although the specimen container 

ring does not contact the wall of the basic soil container, the tendency 

of soil particles and moisture from the specimen to be squeezed out 

under the confining ring or for the confining ring to strain radially is 

resisted by the same pressure in the sand that surrounds it. For tests 

in the 5-inch-diameter device, the specimen ring is restrained directly 

by the steel soil container insert or doughnut as shown in Figure A.8. 

Thin steel shims are used as necessary to ensure a snug fit between the 

specimen ring and the doughnut insert. 

A.2.1 Shelby-Tube Ring. A procedure for preparing uniaxial strain 

test specimens within Shelby-tube rings was devised to prevent specimen 

disturbance by extrusion from the sample tubes used to extract them from 

the field. However, disturbance from all aspects of preparation and 

trimming must be kept to a minimum; therefore, any metal cutting 
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prodecure used to get a specimen into the desired configuration must 

keep vibration and heat to a minimum. 

The possible metal cutting procedures considered were (1) sawing 

with a band saw, (2) cutting on a lathe using a parting tool, and 

(3) machining on a lathe. Sawing with a band saw (1) caused an undesir¬ 

able level of vibration and a relatively rough metal edge that would 

possibly rupture the rubber membrane sealing the specimen from the pres¬ 

surized fluid; this option was therefore abandoned. The parting tool 

method (2) consisted of using the tool in a longitudinally fixed posi¬ 

tion on the lathe and rotating the Shelby tube fastened in the lathe 

chucks. As the tube rotated, the parting tool moved into the tube and 

made a cut directly into the Shelby tube, the width of the cut depending 

on the tool used. In this process, three faces of the tool contributed 

friction and caused rather severe chatter or vibration as well as heat¬ 

ing of the sample; this method was also abandoned. The machining or 

turning technique (3) utilizes the same lathe setup as the parting tool 

method except that the machining tool makes a cut into the tube, and as 

the tube rotates, the tool moves longitudinally down the tube at a feed 

rate. In this process, only one face of the tool is in contact with 

metal. The lathe settings governing the operation are chuck revolutions 

per minute, feed rate of the machine tool down the lathe, and depth of 

each cut. These settings are controlled by the machine operator, and 

after extensive practice and investigation, settings have been found 

which result in an insignificant level of vibration and heat. 

Figure A.9 shows a full-length (37-inch) Shelby tube chucked in the 

lathe for the first rough machine cut about 3A inch away from the de¬ 

sired finished edge of the test specimen. After the rough machine cut 
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through the steel tube, a wire saw is used to cut through the soil sam¬ 

ple as shown in Figure A.10. A separated rough-cut specimen, which is 

immediately coated with a protective wax, is shown in Figure A.11. The 

rough-cut specimen is then chucked in the lathe and fine-machined on 

each end to obtain the desired final 1-inch or 2-l/2-inch dimension; 

this leaves a protective thickness of soil protruding from each end (see 

Figure A.12) which is waxed prior to storage in a temperature- and 

humidity-controlled room. Finally, the specimen is trimmed flush with 

the machined faces of the Shelby-tube ring as shown in Figure A.13 just 

prior to the uniaxial strain test. This specimen preparation procedure 

has been extensively used and has proved to be quite satisfactory for 

most soils encountered during a variety of site investigations. 

A.2.2 3.6-Inch-Diameter Ring. The machining procedure described 

above is, of course, limited to soils with sufficient cohesive strength 

to remain stable during machining while chucked in a lathe and turned 

about a horizontal axis. Relatively cohesionless samples fall apart or 

pour out of the steel Shelby tube when the lathe cut is made. This lim¬ 

itation has been encountered in several testing programs that included 

lacustrine deposits of fine sandy silts (ML) and silty sands (SM). 

Fortunately, however, good-quality 5-inch-diameter undisturbed samples 

of these materials were obtained in the usual manner by immediate extru¬ 

sion from the Shelby tube in the field, placement in 6-inch-diameter 

cardboard containers, and encasement in paraffin or wax. 

A 3.6-inch-diameter laboratory sampler was designed for obtaining 

uniaxial strain test specimens from these 5-inch-diameter wax-encased 

undisturbed soil samples. The sampler essentially consists of an inner 

specimen container ring surrounded by an outer driving sleeve and a 
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beveled cutting shoe; a cutaway drawing of the sampler is shown in Fig¬ 

ure A.14. After the specimen has been extracted from the sample by 

jacking or advance trimming (Figure A.15)j the driving sleeve, small 

support sleeve, and upper collar are removed so that the top of the 

specimen is exposed (Figure A.16). The soil is then trimmed flush with 

the top of the 3*6-inch-diameter specimen container ring (Figure A.17)> 

and a uniaxial strain device adapter is placed over it (Figure A.18). 

Supported by the adapter, the specimen is then inverted} the beveled 

cutting shoe, large support sleeve, and lower collar are removed} and 

the second exposed soil surface is trimmed flush with the specimen con¬ 

tainer ring and test device adapter (Figure A.19). Figure A.20 shows 

the 1-inch-high by 5-1/4-inch-diameter adapter containing a 0.9-inch- 

deep by 3*6-inch-diameter soil specimen just prior to its insertion into 

the soil container for the previously described 5-inch-diameter uniaxial 

strain test device. 
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Figure A.5 5-inch-diameter uniaxial strain test device 
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Fi^ro A .7 Compacted sand surrounding luidisturbed specimen in soi]. 
container for 10-inch-diameter test device.

S'-'Jf.-s!

Figure A.8 Ctcol douglmut surroiuading luvlisturbed specimen in soil 
container for '>inch-diameter test device.
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3.6-1 N.-DIAM SOIL SAMPLER 

oMvm 
SLEEVE 

UPPER 
COLLAR 
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SUPPORT 
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RING 

LARGE 
SUPPORT 
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LOWER 
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CUTTING 
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ADAPTER FOR SHN.-DIAM 

IMIAAIAL STRAIN TEST DEVICE 

Figure A.lU Sampler for obtaining 3.6-inch-diameter by 0.9-inch- 

high ring-encased soil specimens and adapter for 5-inch-diameter 
uniaxial strain test device. 
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rigure A.19 3.f-Inch-dia’net er specirnen being triiPjried I'lush wl'.h
conta9ier riiif’; and test device adapter after re-poval of cutting 
stioe. large support sleeve, and lowei- collaj-.

r>-'

1 if'ure A.-'O - Incu-dlameter specirien and adapter read;/ for
Insertion into incb-dia.-:cter uniax.Ial strain test device.




